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Development of pea albumin based GNA fusion proteins as novel biopesticides for the control 
of aphid (Hemiptera: aphidae) crop pests. 
Jake Simon De Thier 
 
Novel insecticidal compounds with new modes of action are urgently required as 
current reliance and overuse of chemical pesticides that target a limited number of sites within 
insect pests has driven widespread development of resistance in crop pests. Furthermore, the 
most widely utilised biopesticide Bacillus thuringiensis (Bt) targets lepidopteran, coleopteran 
and certain dipteran pests but is ineffective against hemipteran sap-sucking pests. Hemipteran 
sap-sucking pests cause considerable damage to crops through direct damage and transmission 
of many economically important plant viruses. Further, they have been documented to rapidly 
develop resistance to novel insecticides. Fusion of invertebrate specific neurotoxins to 
snowdrop lectin (Galanthus nivalis agglutinin; GNA) has previously been shown to enhance oral 
activity of peptide toxins by virtue of its ability to bind to the insect gut epithelium and 
subsequently to transport attached peptides across the gut to the circulatory system. In addition 
to delivering attached toxins, GNA via binding to insect gut polypeptides, was hypothesised to 
provide an opportunity to potentiate the efficacy of insecticidal proteins that act at the gut 
surface.  Pea albumin (PA1b), from pea (Pisum sativum) seeds is a proteinaceous inhibitor of V-
ATPase proton pumps that are localised to the insect gut epithelium. The PA1 gene cassette is 
expressed in planta as a preproprotein and cleaved into two mature proteins, PA1b and PA1a. 
PA1b has previously been shown to cause mortality when supplied in diet to several insect 
species from different orders including hemipteran pest species. PA1a has no documented 
insecticidal activity. This project focuses on the development and production of novel 
recombinant fusion proteins based on linking PA1b to GNA for the control of three different 
aphid species (pea aphid; Acrythosiphon pisum, peach potato aphid; Myzus persicae and grain 
aphid; Sitobion avenae).  
 Production of a highly pure recombinant pea albumin – GNA fusion protein (PA1b/GNA) 
in Pichia pastoris proved challenging; multiple expression constructs with varying linker regions, 
orientations and histidine purification tags were typically expressed at relatively low levels and 
recovery from nickel affinity purification columns was poor. However, the use of a fusion protein 
expression construct that included a strep-tactin affinity tag allowed the recovery of relatively 
pure protein samples from fermented P. pastoris cultures. An LC50  of 7 nmol mL-1 PA1b/GNA 
against A. pisum was subsequently derived from artificial diet bioassays and this suggested that 





alone in the literature. However, due to low recovery rates for PA1b/GNA, an alternative 
approach to generate sufficient quantities of highly pure fusion proteins based upon constructs 
encoding both PA1b and PA1a linked to GNA (PAF/GNA) was pursued. Expression of PAF/GNA 
in P. pastoris resulted in higher expression levels, and more importantly, allowed the recovery 
of greater quantities of highly pure protein samples as compared to PA1b/GNA. 
 The oral toxicity of PAF/GNA and recombinant PAF was assessed through artificial diet 
bioassays against three species of aphid pests: A. pisum (LC50 = 5 nmol mL-1), S. avenae (15 nmol 
mL-1) and M. persicae (34 nmol mL-1). PAF/GNA was significantly more orally toxic towards A. 
pisum and M. persicae as compared to recombinant PAF or GNA alone. Greater retention of 
PAF/GNA in the A. pisum gut over time, as compared to controls (PAF, GNA or ovalbumin) was 
demonstrated using confocal microscopy of A. pisum aphids pulse fed on fluorescently labelled 
proteins. Significant differences in toxicity were observed between A. pisum and M. persicae, it 
was hypothesised that this may be due to the stability of PAF/GNA when exposed to insect 
proteases. PAF/GNA, GNA and PAF were all similarly stable when exposed to salivary secretions 
from either species for up to 48 hours. Feeding assays were performed to assess the in vivo 
stability, no intact protein was detected in either species, but the quantity of breakdown 
products decreased in A. pisum over the 48 hours, possibly suggesting that the quantity of diet 
consumed was decreased compared to M. persicae. Antifeedant effects were indeed indicated 
in free choice experiments, A. pisum displayed a clear preference for diets without pea albumin 
or GNA, whereas M. persicae showed no significant preference except after 48 hours feeding on 
PAF/GNA where they preferentially fed on control diet.  
Whilst PAF/GNA due to its potentially limited host range is unlikely to be utilised in a 
commercial setting, there may be a case made for the expression of a PAF/GNA fusion protein 
under the control of a phloem specific promoter as a novel method to control aphids that are 
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Chapter 1 |Introduction 
1.1 General introduction 
Currently there are more than 2 billion people on planet earth who do not have regular 
access to safe and nutritious food, 819 million people suffer from hunger and are considered 
undernourished (FAO et al., 2019). Asia and Africa, are particularly effected with 10 and 20 % of 
their populations undernourished, these percentages represent upwards of 700 million people 
(FAO et al., 2019). Couple these statistics with predictions from the United Nations (UN) which 
state that the global population will reach 9.7 billion people by 2050 and that most of this growth 
will occur in Africa and Asia and the challenges which need to be overcome to achieve global 
food security seem monumental (United Nations, 2019). The FAO have estimated that a 70 % 
increase in agricultural food production will need to occur in order to meet the increased 
demand, whilst crop yields are generally predicted to decrease in developing regions as a result 
of climate change (FAO, 2013, 2016). However, increases in productivity on this scale will be 
challenging due to several factors including soil degradation, limits in arable land, water 
availability, insect and disease damage and climate change (FAO, 2011). According to Tilman et 
al., (2011) in order to reach that level of production a further one billion hectares of land, an 
area larger than China, would need to be farmed and this would have significant negative 
impacts on biodiversity and many natural habitats. This is obviously not feasible and therefore 
improvement to agricultural technology is necessary.  
The green revolution of the 1960s saw a period of rapid change in the agricultural 
landscape. The introduction of novel technologies, such as high yielding dwarf crop varieties  and 
the expansion existing of technologies such as pesticides, synthetic fertilisers and modern 
irrigation systems to developing nations facilitated a 2.6 fold increase in global grain production 
(Kendall and Pimentel, 1994; Khush, 2001). Without many of these technologies losses can reach 
up to 80 % in sugar beet and cotton, and upwards of 50 % in barely (Oerke and Dehne, 2004). In 
order to meet the growing demand for food outlined above a second green revolution is 
required.  
Insect herbivory is currently a major challenge to agriculture and causes a significant loss 
in crop yield. Fourteen percent of crops are lost annually to insect pests, which represents an 
economic loss of $244 billion per annum across eight major crops (Ferry and Gatehouse, 2010). 
Insects from multiple orders, including Hemiptera, Diptera, Coleoptera, Lepidoptera and 
Hymenoptera, act as crop pests cause significant damage through consumption of the leaves, 
buds, fruit, roots or consumption of plant sap. Aside from direct damage to the plants, sap 
sucking pests such as the Hemiptera also transmit economically damaging plant viruses (Gray, 






2008). Currently the control of insect pests relies heavily on synthetic pesticides. Three quarters 
of pesticides sold act on one of five major targets in the insect nervous system and new 
compounds often act on the same targets (Casida, 2009). The limited modes of action for current 
pesticides combined with the injudicious use of pesticides has led to the rapid evolution of 
resistance to many of these compounds. The advent of genetic modification allowed for reduced 
reliance on synthetic pesticides by the introduction of insect resistance traits, such as crops 
expressing Bacillus thuringiensis (Bt) toxins. Bt expressing crops have provided significant 
increases in yield whilst reducing pesticide usage. However, they confer little protection to crops 
against attack by hemipteran pests and after twenty years of deployment around the globe 
issues such as resistance are beginning to reassert themselves.  
This chapter focuses on exploring the current methods of insect control, aphids as a crop 
pest, V-ATPases as a novel target, the current work on pea albumin up to this point and the 
current state  of GNA fusion protein technology. Current insect control methods are lacking due 
to a limited number of target sites and high selection pressure have led to increasing numbers 
resistant insect pests. Aphids are of particular interest here as they rapidly evolve resistance and 
the BT toxins mentioned above are largely ineffective. V-ATPase proton pumps may be a 
potential novel target, which up until recently have been largely ignored for use in insect control 
due to the lack of specificity of their chemical inhibitors. Recently pea albumin has been 
identified as a proteinaceous and specific inhibitor of insect V-ATPases. Finally, the 
enhancement of protein toxins through fusion to Galanthus nivalis agglutinin (GNA) has been 
demonstrated to enhance oral activity of small entomotoxins, and may be utilised to enhance 
the toxicity of pea albumin.  
The hunt for novel and effective insecticidal molecules is an ever-ongoing arms race with 
the pest species. Novel compounds with novel target sites and modes of action are desperately 
needed. This thesis explores the potential for the use of pea albumin as a novel GNA fusion 
protein to do just that. 
 
1.2 Current methods of insect control 
1.2.1 Chemical control 
The use of chemical insecticides on crops dates to the mid-19th century where inorganic 
compounds such as arsenic and boric acid were utilised for insect pest control. Advances in 
synthetic chemistry allowed the development of small molecule organic insecticides such as the 
organophosphates and pyrethroids (Le Goff and Giraudo, 2019). The majority of agricultural 
insect pest control is reliant heavily on synthetic small molecule insecticides with the quantity 






of insecticides sprayed increasing 15 -20 fold between 1960 and 2004 (Oerke, 2005). The same 
article highlights how dependent modern farming is on these compounds with predicted yield 
losses in the absence of pesticides ranging from between 8.7 % in wheat to 36.8 % in cotton. 
Seventy five percent of the insecticidal compounds sold act on one of five target sites in the 
insect nervous system (Casida, 2009); namely voltage gated sodium (Na) channels, nicotinic 
acetylcholine receptors, acetylcholinesterase, glutamate receptors and ɣ-aminobutyric (GABA) 
receptors (Figure 1.1). For specific modes of action of different pesticide classes see Le Goff and 
Giraudo (2019).  
Unfortunately, our reliance on these compounds has put intense selection pressure on 
insect pests and driven the rapid evolution of resistance. The first documented case of 
insecticide resistance was reported by Melander in 1914. The development of resistance by 
insect crop pests is facilitated by the lack of diversity in the target sites, coupled with 
indiscriminate use of insecticides (Bass et al., 2014; Feyereisen, 1995). More than 550 species of 
arthropod have been documented to have resistance to insecticides, with many having multiple 
resistances (Whalon et al., 2008). Examples of multiple resistances are insects such as Plutella 
xylostella (diamondback moth) and Myzus persicae (peach-potato aphid) that have respectively 
developed resistance to 92 and 76 unique active ingredients (Zhu et al., 2016).  
Insecticide resistance is mainly grouped into four key mechanisms: Metabolic, target-
site, penetration and behavioural resistance. The Insecticide Resistance Action Committee 
website (IRAC, 2019) defines these mechanisms as follows: Metabolic resistance: resistance 
through the detoxification, breakdown or sequestration of the toxic compound, resistant strains 
may possess higher levels or more efficient detoxification enzymes and this mechanism often 
has a broad spectrum of activity and is considered the most common form of resistance. Target-
site resistance: resistance to toxic compounds through the mutation of the pesticides target-site 
such that it cannot interact, or the insecticidal effect is reduced. Penetration resistance: 
resistance which arises through reduced absorption of the toxic compound into the insect body 
through the development of barriers in the cuticle, this may protect from a wide range of 
insecticides and may be present in conjunction with other mechanisms. Behavioural resistance: 
The adaptation of insect behaviour to recognise and avoid the toxic compound this has been 
observed in several classes of insecticide.  
An example of metabolic resistance is exists in Nilaparvata lugens (Brown plant hopper) 
in which the upregulation of a cytochrome P450 enhances resistance towards imidacloprid, a 
neonicotinoid. Carboxylesterase gene duplication in M. persicae is an example of target-site 






resistance where increased expression of target-site allows normal function despite inhibition 
by organophosphates (Devonshire and Moores, 1982; Field et al., 1988).  A further example of 
target site resistance is point mutations in the binding sites of insecticides can also confer 
resistance, in Aphis gossypii (cotton aphid) the mutation S431F in the acetylcholinesterase 
enzyme confers resistance to carbamates and organophosphates (Benting and Nauen, 2004). 
Other mutations have been observed which reduce the likelihood for voltage gated Na+ channels 
to open and therefore reduces the efficacy of pesticides in the pyrethroid class (Martinez-Torres 
et al., 1999). Thickening of the cuticle to exclude deleterious compounds has also been observed 
in the field as a resistance mechanism that reduces the uptake and thus effectiveness of topically 
applied insecticides (Puinean et al., 2010; Strycharz et al., 2013). 
Aside from issues of resistance, chemical insecticides can be hazardous to human health 
and the environment. For example, acute organophosphate poisoning can lead to vomiting, 
diarrhea, abdominal cramps, dizziness, eye pain, blurred vision, confusion, numbness, twitching, 
paralysis and death (Koureas et al., 2012). Chronic exposure to organophosphates has been 
suggested to increase the risk of developing Parkinson’s disease. However, the data are 
inconclusive, and more work is required (Freire and Koifman, 2012). Furthermore, increased risk 
of developing numerous cancers including leukemia, lung ovarian and colon cancer, have been 
associated with increased pesticide exposure (Sabarwal et al., 2018). Pesticide exposure may 
also result in reproductive abnormality in mammals. In mice, exposure to carbamate pesticide, 
Carbosulfan, has resulted in increased sperm abnormalities, and supplying Cypermethrin, a 
pyrethroid, in the drinking water of rats resulted in significant decreases in fertility (Elbetieha et 
al., 2001; Giri et al., 2002). Annually, over 1 million human deaths and incidents are attributed 
to insecticide poisoning. Developing countries are disproportionally affected (Aktar et al., 2009).  
Unsurprisingly, the use of broad-spectrum insecticides has negative effects on 
biodiversity across Europe (Geiger et al., 2010). Documented effects on beneficial species are 
not just limited to mortality but can range from the reduced ability to capture prey, reductions 
in oviposition, along with developmental and reproductive impairments (Ndakidemi et al., 
2016). Further to this, negative effects upon pollinators are increasingly recognised. For example 
neonicotinoid pesticides have been shown to have deleterious effects upon bee health and 
memory (Woodcock et al., 2017). The mass spraying of insecticides has also had an impact on 
vertebrate species: neonicotinoid pollution has been linked to declines in bird populations 
(Goulson, 2014). Recently, sublethal doses of the neonicotinoid imidacloprid when ingested by 
white-crowned sparrows during migration have been reported to result in reductions in food 






consumption, mass and fat content. Additionally, departure from the feeding site was delayed, 
which can affect survival and reproduction. The effects of pesticide application are not limited 
to the site of application, the pollution can spread through run off and enter streams and rivers  
and groundwater where at least 140 different pesticides have been found (Aktar et al., 2009). 
Ippolito et al., (2015) predict that water bodies in 40 % of the earth surface have a high risk of 
adverse effects due to insecticide contamination. Negative side effects such as these have led 
to the retraction or banning of multiple effective insecticides, such as the neonicotinoids 
clothianidin, imidacloprid and thiamethoxam in field crops and the complete banning of 
dichlorodiphenyltrichloroethane (DDT) (Abdourahime et al., 2019; Beard, 2006; European 

























Figure 1.1 Targets sites of action of major insecticide classes at a synapse. Image source: Le 
Goff and Giraudo (2019). 
  






1.2.2 Biological control 
Synthetic chemicals, although the principal method of crop protection, are not the only 
way in which pest insects can be controlled. Biological control is defined as the use of natural 
enemies to reduce the damage caused by pest species (DeBach and Rosen, 1991). There are 
three main but overlapping categories in biological control: classical, augmentative and 
conservation biological control. The categories are designated based on how natural enemies 
are utilised. In classical biological control the importation and establishment of non-native 
natural enemies is utilised to control an indigenous or non-native pest population. Success 
utilising this method has been documented as far back as 1889, where Rodolia cardinalis, the 
Australian vedalia lady beetle, was introduced into Californian orange groves to control Icerya 
purchasi (cottony cushion scale). This is regarded as the first instance of modern biological 
control (Howarth, 1991). The second category of biological control, augmentative control relates 
to the augmentation of previously established species, be they native or exotic, through the 
periodic release of predator species (van Lenteren, 2012). Periodic release of Trichogramma 
prarsitoid wasp eggs has been used to great effect to control various lepidopteran pests 
including Ostrinia nubilalis, the European corn borer, and Spodoptera frugiperda, fall armyworm 
(de Lourdes Corrêa Figueiredo et al., 2015; Smith, 1996). Augmentative control is often 
complimented by conservation biological control, where the environment is manipulated to be 
conducive to the maintenance and survival of the natural enemies which have been introduced 
or are already present. However conservation biological control can be effective on its own as 
well as in combination. Manandhar and Wright, (2016) found that the interplanting of sweet 
corn with cow pea significantly increased Trichogramma parasitism of Helicoverpa zea, corn 
earworm, eggs and the number of thrips were greatly reduced. 
 As of 2012 there were at least 230 species of natural enemy are available for use on a 
commercial scale (van Lenteren, 2012). This practice has been shown to be successful in some 
areas of agriculture, including fruit orchards, maize, cotton, soybean, vineyards and glasshouses 
(van Lenteren and Bueno, 2003). Throughout Europe the uptake of biological control through 
the release of natural enemies in glasshouses is increasing, with lacewing, hoverfly and ladybird 
all being utilised for the control of aphids (Pilkington et al., 2010). Successful examples of 
biological control include the introduction of the parasitic wasp Encarsia formosa into 
glasshouses to control the greenhouse whitefly (Trialeurodes vaporariorum). This wasp was used 
as a control method as early as the 1920s but fell out of favour for chemical pesticides after the 
second world war. When the issue of chemical resistance exerted itself in the 1970s the use of 






E. formosa found a renewed interest and is currently used effectively throughout Europe as an 
augmentative biological control (van Lenteren et al., 1996).  
However, the artificial introduction of natural enemies must be done carefully. 
Disregard has resulted in the introduction of invasive species such as the Harlequin ladybird 
(Harmonia axyrids) which has had significant impacts on native ladybird populations and insect 
predator species in the United States of America (USA) (CABI, 2019; Mizell III, 2007). Further in 
parts of the USA, H. axyridis is now considered a pest of orchard  fruit and a nuisance to humans 
(Koch, 2003). A further and perhaps more famous example of biological control backfiring was 
the introduction of the cane toad, Rhinella marina, into Queensland, Australia in 1935. The 
intention was to control the cane beetle, this however failed due to spatial separation of their 
habitats, beetles on the stems and the toads on the ground, the cane toads instead resorted to 
eating other flora and fauna. The arrival of the cane toad has also resulted in reductions in 
predator species as they are fatally toxic to many taxa (Jolly et al., 2015). Improper due care and 
diligence can lead to devastating results as noted above. As a result of these negative impacts 
regulations have been put in place , such as the ‘Guidelines for the export, shipment, import and 
release of biological control agents and other beneficial organisms’ to reduce and prevent these 
negative impacts from occurring. 
 
1.2.2.1 Bacillus thuringiensis 
A notable example of successful biological control is the spraying of  Bacillus 
thuringiensis to control insect pests. Bacillus thuringiensis (Bt) is a soil-dwelling gram-positive 
bacterium. It was initially identified in 1901 by Ishiwatari whilst investigating wilt disease in silk 
worms. In the 1920s the insecticidal activity of the crystals produced by Bt were discovered and 
successful field trials utilising Bt spores to control the European corn borer in the 1930s (Ostrinia 
nubilais) facilitated commercialisation of the first Bt bioinsecticide Sporeine which was brought 
onto the market in 1938  (Sanahuja et al., 2011). Bacillus thuringiensis produces two insecticidal 
pore forming toxins during its stationary growth phase, the Crystal (Cry) or Cytolytic (Cyt) toxins 
(Bravo et al., 2011). More than 500 different cry gene sequences have been discovered and 
placed into 67 groups (cry1-67) based on their primary amino acid sequence, each individual 
toxin is generally only toxic within one order (Crickmore et al., 2014). These toxins are highly 
toxic to insects in the orders of Lepidoptera, Coleoptera and Diptera.  
The Cry toxins are produced as a three domain proproteins and secreted as a crystalline 
water-soluble compound. Their mode of action has been studied mostly in the context of 






lepidopteran insects (for review see Bravo et al., 2007). In order for the toxin to function the N-
terminal region, 25-58 amino acid residues, must be cleaved by insect midgut proteases.  The 
cleavage results in a 60-70 kDa protease-resistant protein (Bravo et al., 2007). The removal of 
the N-terminal propeptide may provide a level of specificity as lepidopteran insects have an 
alkali gut environment which favours serine proteases when compared to coleopterans which 
have an acidic gut environment which likely favours cysteine proteases (Dow, 1992). The 
requirement for cleavage may account for part of Bt toxins reduced activity towards hemipteran 
pests which generally have low proteolytic activity, preactivation with trypsin conferred some 
activity towards aphids (Porcar et al., 2009). After the cleavage of the N-terminus has occurred 
the activated toxin binds, via domain II, to a receptor in the insect gut epithelial brush border 
membrane. There are a number of proteins which have been shown to act as receptors for Bt 
cry toxins which include cadherin-like proteins (CADR), an aminopeptidase-N and an alkaline 
phosphatase, all of which are anchored to the membrane by a glycosylphosphatidyl-inositol 
(Jurat-Fuentes and Adang, 2004; Knight et al., 1994; Vadlamudi et al., 1995). Binding to specific 
proteins is widely suspected to be the major determinant for the specificity observed in the Cry 
toxins (Pigott and Ellar, 2007). Once bound to these membrane proteins the toxin undergoes 
another N-terminal cleavage to form a pre-pore oligomeric structure (Gómez et al., 2002). 
Subsequently domain I is inserted into the membrane forming a pore, leading to cell swelling 
and lysis, and eventually death of the insect (Bravo et al., 2007; de Maagd, 2001). Identification 
of similar binding proteins in other insect orders and the conserved three domain fold present 
in all Cry toxins, has led to the hypothesis that the mode of action of Cry toxins is conserved 
across orders (Bravo et al., 2011). The Cyt toxins function similarly but do not require a protein 
binding site and interact directly with the membrane lipids rather than a protein receptor 
(Promdonkoy and Ellar, 2003; Thomas and Ellar, 1983). 
 
1.2.3 Insect resistant transgenic crops expressing toxins from Bacillus thuringiensis 
Despite Bt based insecticide sprays being developed and available in the 1930s, Bt toxins 
were not widely used outside of organic farming until the advent of genetic modification. The 
development of transgenic crops expressing Bt Cry toxins has been a powerful tool in pest 
control. The first Bt potato expressing Cry1ac was commercialised in 1996 by Monsanto 
(Castagnola and Jurat-Fuentes, 2012). Transgenic cotton expressing Cry2Ab has been shown to 
confer resistance to numerous pests including the cotton bollworm, tobacco budworm and pink 
bollworm (Roh et al., 2007). Alongside increased resistance to crop pests, Bt crops have also 
been associated with better grain quality in Bt maize as compared to crops produced using 






traditional farming techniques (Hellmich and Hellmich, 2012). After the commercialisation of Bt 
cotton in China in 1997 there has been a steady increase in the adoption of the transgenic crop 
such that by 2008, six of the eight major cotton growing regions in China were growing only Bt 
cotton. Further, the money spent on pesticides has decreased by 35% alongside decreases in 
labour required to farm this land (Qiao and Yao, 2015). A similar trend can be seen in India where 
in 2010 it was reported that 86 % of all cotton grown (covering an area of 10 million hectares) 
was transgenic Bt cotton, (James, 2010). As of 2017, cultivated crops expressing genes from B. 
thuringiensis were grown on 101 million hectares of farmland globally (ISAAA, 2017). The 
success of Bt crops is undeniable. 
Not only are there economic benefits gained from reduced pesticide usage, there are 
also health and environmental benefits as there are less potentially hazardous compounds being 
sprayed into the environment and farmers are less exposed to the negative effects of 
insecticides (Purcell and Perlack, 2004). Further there are yet to be any studies which 
demonstrate that Bt crops have any significant negative effects upon larval or adult stages of 
the beneficial pollinator Apis mellifera (Duan et al., 2008; Hendriksma et al., 2011). 
Although there are a considerable number of benefits to the use of Bt crops there are 
large concerns about the development of insect resistance toward these toxins, especially as 
many of the Bt toxins have been in use since the 1920s (Lemaux, 2008). The Plutella xylostella 
(diamondback moth) has been shown to develop resistance to Bt in the field (Tabashnik, 1994). 
The Asian corn borer has been shown to be able to develop 100-fold resistance to Cry1Ab, over 
only 35 generations, and after 51 generations the insects could survive on Cry1Ab expressing 
maize. Not only did this confer resistance to Cry1Ab the insects had gained cross-resistance to 
Cry1Ah and Cry1Ac at levels of 131-fold and 36-fold, respectively (Xu et al., 2010). Cross 
resistance to toxins which the insects have never been exposed could present potential 
problems for the use of Bt moving forward. However, Xu et al., (2010) does state Cry1Ab and 
Cry1Ah share 88 % sequence similarity and this may be the cause for the observed cross 
resistance. Another worrying example of cross resistance in P. xylostella, where a single 
recessive gene confers resistance to four Bt toxins (Tabashnik et al., 1997). The second 
generation of Bt crops has utilised gene pyramiding (i.e. the expression of multiple resistance 
traits), to delay resistance development, with Monsanto’s Bollgaurd II expressing both Cry1Ac 
and Cry2Ab toxins. The deployment of gene pyramided crops expressing two or more toxins is 
not a silver bullet for resistance as research has demonstrated that prior exposure to single toxin 
expressing crops can substantially reduce the time required for resistance to develop to the dual 






trait crop (Zhao et al., 2005). Application of correct farming practices could reduce the speed at 
which resistance develops through the use of refuges, where planting areas of non-modified 
crops or plants act to reduce the selection pressure on target pests for the expression of 
resistance genes (Gryspeirt and Grégoire, 2012). In India where the use of non-Bt cotton refuges 
are scarce, the pink bollworm has shown to be resistant to cotton that expresses both Cry1Ac 
and Cry2Ab toxins. In the USA and China, where the refuges are more common this resistance 
is much less prevalent (Tabashnik and Carrière, 2019). 
Aside from concerns of resistance, Bt crops have one further major drawback in that the 
Bt toxins are only marginally active toward hemipteran pests (Chougule and Bonning, 2012). The 
reduction in the use of pesticides has in some cases actually increased populations and damage 
caused by hemipteran pests on Bt expressing crops (Men et al., 2005). As B. thuringeinsis exists 
in the soil and is splashed onto foliage by rainfall, hemipteran pests would not naturally be 
exposed to the Bt toxins as sap suckers they pierce the exterior of the plant rather than 
consuming it, thus there would be no selective pressure for B. thuringiensis to evolve toxins 
which target hemipteran insects (Schnepf et al., 1998). Further hypotheses suggest perhaps a 
lack of binding sites or non-optimal conditions for protein activation may exist in the hemipteran 
gut (Chougule and Bonning, 2012; Lawo et al., 2009; Li et al., 2011; Porcar et al., 2009). In 
support of this hypothesis Chougule et al., (2013) managed to retarget Cyt2A toward pea and 
peach potato aphids by the addition of a protein domain which will bind to aminopeptidases in 
the aphid gut. Similarly the introduction of cathepsin L and B sites into Cry4a between domains 
I and II, also resulted in enhanced toxicity towards A. pisum (Rausch et al., 2016).  
 
1.2.4 Integrated pest management 
Integrated pest management (IPM) is defined by the FAO (2019) as “the careful 
consideration of all available pest control techniques and subsequent integration of appropriate 
measures that discourage the development of pest populations and keep pesticides and other 
interventions to levels that are economically justified and reduce or minimize risks to human 
health and the environment.” This is generally achieved through the combination of crop 
protection techniques such as pest monitoring, biological control, mechanical separation, 
modification of cultural practices, the use of resistant varieties and as a final resort, pesticides. 
Pesticides are only applied when the monitoring indicates that the pests may be reaching a 
predefined threshold.  
The European Commission (2017) defines eight principles that are the cornerstone of 
the IPM approach. The first is that prevention and suppression of harmful organisms should be 






achieved or supported at all times by non-chemical means such as crop rotation, physical 
barriers, prevention of spread on machinery, the use of resistant cultivars where appropriate 
and the protection and enhancement of beneficial organisms amongst other things. Second, 
harmful organisms must be identified and monitored utilising adequate tools, such as field 
observation and scientifically sound warning, forecasting or early diagnosis systems in 
combination with advice from qualified advisors. Third, based on the evidence gathered through 
monitoring the user must decide whether to apply protection measures. therefore, scientifically 
determined threshold values are key in the decision-making process and these must consider 
the pest in question, the region, crops, and climate conditions. The fourth principle states that 
biological, physical and other non-chemical methods are to be used preferentially to chemical 
control if they provide effective pest control. Fifth if pesticides are to be applied, they must be 
as specific as possible for the target pest and have the least side effects in regard to the 
environment, human health and non-target organisms. Sixth, application of pesticides and other 
interventions should be kept to the lowest necessary level. Seventh, if there is a risk of resistance 
against a protection measure and where the level of pest organisms requires repeated 
application of pesticides anti-resistance strategies should be employed including the use of 
multiple pesticides with differing modes of action. Finally, and perhaps most importantly, is 
based on the records of use and monitoring the success of the protection measures applied 
should be evaluated and recorded for future reference.  
A key goal of IPM is the reduction of pesticide usage whilst maintaining crop growth at 
an economically viable level. A good example of this combinatorial approach to pest 
management is reported by Lu et al. (2009). In this study  Apolygus lucorum a hemipteran pest 
was maintained below an economically damaging threshold whilst reducing insecticide usage to 
below 70 % of conventional farming. This was done by introducing a plant on which A. lucorum 
would feed preferentially as 10 % of the crop area, the other 90 % was Bt cotton and therefore 
likely resistant to coleopteran and lepidopteran pests. Insecticide was not sprayed on the cotton 
and only applied on the mung beans once A. lucorum reached a predefined threshold. The 
application of IPM in the citrus orchards of Australia, where the adoption of classical biological 
control has reduced pesticide usage by up to 75 % whilst reducing the costs of management 
(Zalucki et al., 2009). Further success utilising an IPM approach is reported in Java where 
pesticide usage is reduced through more targeted application of pesticide usage in rice paddies 
(Mariyono, 2008). However, there is still some debate on whether the drop in pesticide usage 
seen since the introduction of IPM in the latter half of the 20th century is due to IPM or due to 






the introduction of genetically modified crops and low volume pesticides (Peshin and Zhang, 
2014). Despite the debate IPM is currently the driving approach for the development of new 
agricultural practices. The European Union, American Environmental Protection Agency and the 
National Farmers Union websites all recommend the use of IPM strategies (European 
Commission, 2017, NFU 2017; US EPA, 2014). As such it is important to consider and 
demonstrate that novel control methods are compatible with this approach. Novel and specific 
biopesticides, such as fusion proteins, could and do play a role in IPM through utilisation as 
alternatives to spraying synthetic insecticides. Plants could be sprayed with them or genetically 
modified to express them. In line with the principles of IPM, this would only be the case where 
biological, physical and non-chemical methods were deemed ineffective. They may be of 
particular relevance in aligning to the IPM principles due to their potential for use in anti-
resistance strategies that require multiple pesticides with differing modes of action, and in cases 
where they have higher pest specificity than synthetic pesticides. 
 
1.3 Aphids  
Aphids are small sap sucking insects of the order Hemiptera or ‘True bugs’. The 
Hemiptera are one of the largest orders of insects comprised of 90,000 species and can range in 
size from 1 mm up to 15 cm, and includes cicadas, leafhoppers, planthoppers, aphids and stink 
bugs. The defining characteristic of the Hemiptera is that the mouthparts, the mandibles and 
the maxillae have formed into a dual channel stylet where one channel delivers saliva and the 
other uptakes fluids. Aphids fit into the suborder of Sternorrhyncha, which are generally 
characterised by their possession of a particular structure of filter chamber and a rostrum that 
arises between the bases of their front legs (Cranston and Gullan, 2009). Aphids have a huge 
range of diversity in their host specificity, with certain species practicing monophagy,  some 
species preferring certain sub-groups of crops such as the pea aphid Acrythosiphon pisum 
feeding on legumes with a preference for Vicia faba, and some species are polyphagous, for 
example Myzus persicae (van Emden et al., 1969; McVean and Dixon, 2002). 
Aphids generally feed passively on the vascular tissue of plants, particularly the phloem 
sap. The high pressure within the sieve elements drives the liquid into the aphid stylet which is 
elongated and can pierce plant tissue to reach the vasculature. Aphid feeding is aided by the 
production of two different types of saliva known as gelling and watery (Tjallingii, 2006). The 
former is jelly-like and proteinaceous and coats the stylet providing a physical barrier between 
the stylet and the plant tissue (Miles, 1999). The second, watery saliva, is injected into the 
phloem and contains lytic enzymes and proteases to aid in the digestion of nutrients present in 






the phloem (van Bel and Will, 2016; Furch et al., 2015). It also contains effector proteins which 
can attempt to circumvent plant defences and prevent the wounding response (Will et al., 2007). 
For example the Mp55 protein secreted in the saliva of M. persicae reduces callose deposition 
in the phloem of plants under attack by aphids (Elzinga et al., 2014). This feeding lifestyle causes 
little physical damage to the plant as compared to chewing pests, and often helps to avoid plant 
defences, some chemical pesticides, and potentially reduces their exposure to transgenic toxins. 
Feeding on phloem sap is an unbalanced diet which is exceedingly high in sucrose and 
low in nitrogen, the majority of which is in the form of free amino acids. The high quantity of 
small sugars, such as sucrose in the phloem sap leads to high osmotic pressure in the gut of the 
aphids which can be lethal, therefore dietary sugars exceeding dietary needs are converted into 
oligosaccharides which are then excreted in the honeydew (Douglas et al., 2006). A further 
constraint on aphid growth is the low level of essential amino acids present in phloem sap, for 
example in V. faba phloem sap only the non-essential asparagine is in excess of what is required 
by A. pisum (Douglas, 2006). Aphids are therefore reliant on endosymbionts to produce their 
essential amino acids (Hansen and Moran, 2011). For example, A. pisum contains some of the 
genes responsible for key reactions in the synthesis of certain amino acids which are not present 
in its symbiont Buchnera aphidicola, but is reliant on B. aphidoicola for the remainder of the 
pathway (Wilson et al., 2010). The aphid gut is a finely balanced environment reliant on its 
symbionts for correct regulation of osmotic pressure and disruption of this system may provide 
an ideal target for novel pesticide development.  
Aphid lifecycles can vary tremendously between species but generally, follow one of two 
major types. Heteroecious (host-alternating) and monoecious (non-host alternating). The 
former involves having a minimum of two plant host species, the species on which they feed is 
determined by season; the primary host is where eggs are laid and where aphids live during the 
winter, and then migrate to the secondary host for the summer months, where several 
parthenogenic generations take place. Both of these two life cycles can either be entirely 
parthenogenic, reproducing asexually, or they may reproduce parthenogenically most of the 
year and then form a sexual morph and reproduce sexually laying over wintering eggs. Aphids 
which break their cycle of parthenogenic reproduction to have a sexual stage are termed 
holocyclic. Non-host alternating species live on the same host year round (van Emden and 
Harrington, 2007). Often in regions where the primary host is absent holocyclic species can 
survive using an anholocyclic life style, a good example of this is M. persicae which usually 
undergoes its sexual stage on peach trees (Prunus persicae), however as they are uncommon in 






the United Kingdom, M. persicae rarely completes the full holocyclic life cycle and overwinters 
on one of its many secondary hosts as parthenogenic females (Williams et al., 2000). 
Despite only approximately 100 species of aphids feeding on crops of agricultural 
importance they can cause significant economic damage (Blackman and Eastop, 2007). Damage 
is incurred in two ways. The most important and devastating way in which aphids cause 
significant economic damage is through the transmission of plant viruses with an estimated 275 
of 600 insect vectored plant viruses being transmitted by aphids, although this estimate may be 
outdated (Nault, 1997). Within the 275 viruses several are of significant economic importance 
such as Barley yellow dwarf disease (BYDD), Potato virus Y (PVY), Turnip mosaic virus (TuMC), 
Potato leaf roll virus (PLRV) (D’arcy, 1995; Tomlinson, 1987). Aphids as phloem feeders also 
cause direct damage to the plant by diverting nutrients from the plant to fuel their own growth 
and reproduction, and while each individual aphid is small, their parthenogenic lifestyle means 
that populations can rapidly reach economically damaging levels. For example, the doubling 
time of the grain aphid, Sitobion avenae under ideal conditions can be as low as 55 h, with a 
population of 100 S. avenae able to reach 3.2 million in just over a month (Simon et al., 1991). 
Aphids are also capable of producing winged morphs in response to population size, host quality 
and the presence of predators, in order to disperse to find more optimal conditions (Mehrparvar 
et al., 2013). This ability to rapidly reproduce and . Dedryver et al., (2010) presents statistics 
suggesting that in Europe direct damage by aphids is responsible for mean annual losses of 
700,000 tons (t) of wheat, 850,000 t of potatoes and 2,000,000 t of sugar beet. 
This thesis focuses on three model species, with varying lifestyles and varying economic 
importance, but all three species are listed in Emden and Harrington (2007) as being in the top 
14 economically important aphid species. The three aphid species used in this project are 
Acrythosiphon pisum (Pea aphid), Myzus persicae (Peach-potato aphid) and Sitobion avenae 
(grain aphid). 
 
1.3.1 Myzus persicae 
Myzus persicae or the peach-potato aphid is distributed worldwide and considered one 
of the most important hemipteran agricultural pests, with a secondary host range of over 400 
species across 40 different plant families (Bass et al., 2014; CABI, 2018a). The peach-potato 
aphid displays a heteroecious lifecycle with its sexual stages taking place specifically on Prunus 
persicae (peach trees). This pest has been shown to transmit over 100 different plant viruses 
many of which are agriculturally important such as PLVR and BYDD (Blackman and Eastop, 2007; 
Ponsen, 1972). This pest has a remarkable ability to evolve resistance to chemical pesticides 






through various mechanisms, particularly overproduction of detoxification enzymes, and 
mutations in the binding site of insecticidal molecules (Bass et al., 2011; Devonshire and Moores, 
1982). This study used M. persicae in the assessment of the oral toxicity of fusion proteins 
towards a model generalist species. 
 
1.3.2 Acrythosiphon pisum 
Acrythosiphon pisum (Pea aphid) is a relatively large aphid pest often reaching 4mm 
across. It is a legume specific pest and its host plants are mainly legumes of the Fabaceae tribes 
Genistae, Trifoliae and Fabeae. It is generally non-host swapping and holocyclic with both the 
sexual and asexual stages occur on the same plant species (Blackman and Eastop, 2007). It has 
been detected on legume crops worldwide (CABI, 2018b) and vectors up to 30 viruses including 
two economically important viruses of legume crops, namely Pea enation mosaic virus (PEMV) 
and Bean leaf roll virus (BLRV) (Hodge and Powell, 2010; Schwinghamer et al., 2009). This insect 
is often used as a model aphid species in laboratory studies. The genome of A. pisum contains a 
lower diversity of detoxification genes as compared to the generalist M. persicae (Ramsey et al., 
2010). This decrease in detoxification proteins is believed to be due to the reduced quantity of 
plant defence compounds a specialist species would encounter. In this study A. pisum was used 
as a model specialist species when testing the oral toxicity of fusion proteins.  
 
1.3.3 Sitobion avenae 
Sitobion avenae (grain aphid) is a semi-specialist species which colonizes numerous 
species of Poaceae, including all cereal crops grown in temperate climates and is a particularly 
important pest of wheat in western Europe (Larsson, 2005), but has been identified in all 
continents except Australia and Antarctica (CABI, 2018c). This pest is a particularly effective 
vector of BYDV. This species does not display host alteration as displayed by M. persicae and 
both its sexual and non-sexual stages occur on its primary host. In Europe and other cooler 
climates S. avenae produces sexual morphs but in warmer climates such as India it is 
parthenogenic year-round (Blackman and Eastop, 2007).  
 
1.4 V-ATPase proton pumps 
The vacuolar adenosine triphosphatase (V-ATPase), is a highly conserved large multi-
subunit membrane associated holoenzyme that functions as a rotary proton pump to move 
protons up a concentration gradient utilising the energy released by the hydrolysis of ATP 
(Nelson et al., 2000).  It is generally considered the polar opposite of the F-ATPase which utilises 






a proton gradient to facilitate the formation of ATP by catalysing the phosphorylation of ADP, 
however they are evolutionarily related (Beyenbach and Wieczorek, 2006; Nishi and Forgac, 
2002). V-ATPases are ubiquitous throughout eukaryotic membranes and are responsible for 
many secondary transport functions alongside the correct functioning of organelles such as the 
Golgi apparatus (Forgac, 2007).  
 
1.4.1 V-ATPase structure and mechanism 
V-ATPases being large holoenzymes (depicted in Figure 1.2) are made up of 14 different 
polypeptides which form two complexes, V1 and V0. V1 is soluble and located on the cytoplasmic 
side of the cell membrane and made up of subunits A3B3CDEFG2H1-2 with a mass of 400-600 kDa. 
The second complex is membrane associated and formed of several transmembrane subunits, 
ac4c’c’’de, with a mass of 150-350 kDa. The subunits of V1 and V0 are distinguished by uppercase 
and lowercase letters. The cytoplasmic V1 subunit is responsible for the hydrolysis of ATP into 
ADP and inorganic phosphate. The energy released is used to drive the rotor of the second 
complex V0 which facilitates proton transport across the membrane. The V1 complex consists of 
three distinct structures, the first is a globular structure of three sets alternating A and B subunits 
forming a ring, each of which mediates ATP hydrolysis. A central rotating stalk made up of D and 
F and finally a peripheral stalk, made up of B and C, both of which connect V1 to the central c-
ring structure of V0. The V0 subunit mostly consists of a hydrophobic-ring made up of six or more 
c-subunits, which rotate within the a and e-subunits. The widely accepted functional model 
suggests that V-ATPases are made up of a rotor (mobile) and a stator (stationary). Subunits c, D 
and F make up the rotor and everything else is considered the stator (reviewed by Beyenbach 
and Wieczorek, 2006).  
Proton transport across the membrane relies on the structure of the V0 complex which 
contains two half proton channels formed by the close proximity of subunits a and c, one 
exposed to the cytosol and one to the extracellular fluid (Grabe et al., 2000). Each subunit of the 
c-ring also contains a proton binding glutamate residue, clockwise rotation of the c-ring, driven 
by conformation changes of subunits A and B due to ATP hydrolysis, allows transport of the 
proton from the cytosolic channel to the extracellular channel (Meier, 2005; Murata, 2005). 
Movement of the protons from the cytosol to the intracellular compartment results in 
acidification of the intracellular compartments, and plays a key role in the maintenance of gut 
pH and secondary transport in insects (Klein, 1992; Marshansky and Futai, 2008; O’Donnell, 
2017). 
 








Figure 1.2 Model of the eukaryotic V-ATPase proton pump expressed in a cell membrane. (A) 
Molecular model. The cytosolic V1 complex consists of eight different subunits identified with 
uppercase letters (A-H), G exists as a dimer G2. The integral membrane bound V0 complex is 
made up of four different subunits identified with lowercase letters (a,c,d,e). Subunit c and its 
isoforms form a hydrophobic proton binding ring. (B) Mechanistic model. V0 is connected to V1by 
a central rotating shaft (D and F) and a peripheral stationary shaft (C, E, G, H and a). The rotor 
consists of the central rotating shaft and the c-ring of V0 (red) the remaining subunits make up 
the stator (grey). Hydrolysis of ATP drives rotation of the rotor. Subunit a provides two half 
proton channels which are offset, rotation of the c-ring moves protons from one channel to the 
other (Beyenbach and Wieczorek, 2006). 
  






1.4.2 V-ATPases as a target site for insect control 
In recent years many studies have investigated targeting the V-ATPase proton pumps in 
the insect gut epithelium as a method of insect control. Most of these studies have investigated 
using RNA interference (RNAi) to knock down the expression of a key subunit of these proteins. 
Results have been variable, but where the RNAi has been shown to function results are 
promising. The A subunit in V1 has been a popular and effective target. Oral delivery of dsRNA 
encoding for subunit V1 to western corn rootworm, small hive beetle and whitefly showed 
significant decreases in survival and development as compared to controls (Baum et al. 2007; 
Upadhyay et al. 2011; Powell et al. 2017). RNAi mediated knock down of the e-subunit in 
Colorado potato beetle, Leptinotarsa decemlineata also resulted in decreased larval survival and 
development (Fu et al., 2014).  
Bafilomycin, a specific inhibitor of V-ATPase pumps, was patented in the USA for use as 
a pesticide, where it was stated that concentrations of 0.004 % (v/v) sprayed onto cabbage 
plants caused 100 % mortality of larvae of Diamond backmoth, Plutella maculipennis, after 14 
days (Bowman et al., 1988; Hagenmaier et al., 1985). The above is a small subsection of literature 
that exists on the detrimental effects of knocking down subunits of insect V-ATPases, the success 
of these studies and the toxic effect of inhibition of V-ATPases suggest it may be a good target 
for further development. An insecticidal protein from pea seeds known as PA1b which has been 
shown to specifically inhibit insect V-ATPases, is discussed further in the next section and is a 
promising candidate for further development (Chouabe et al., 2011). 
 
1.5 Pea albumin 
1.5.1 Initial discovery and characterisation and early work 
A low molecular weight sulphur rich pea albumin protein was discovered in Pisum 
sativum and its amino acid sequence was elucidated in 1985, its initial function was thought to 
be as a novel sulphur storage protein, although it did not show homology to existing storage 
proteins (Gatehouse et al., 1985). The following year the gene sequence and expression pattern 
of the pea albumin protein (PA1) during development were elucidated by Higgins et al., (1986).  
Higgins et al., (1986) also demonstrated that the PA1 protein is expressed in seeds as a 
preproprotein (11 kDa); the signal peptide is cleaved in the endoplasmic reticulum and then the 
protein is subsequently directed to a vacuole-like protein storage organelle, where it is cleaved 
into its mature proteins, PA1a (6 kDa) and PA1b (4 kDa). These two proteins contain up to 50 % 
of the total sulphur in the seeds of P. sativum and are generally regulated at the transcriptional 






level. Sulphur availability has been shown to be a key factor of the regulation of these genes, 
with sulphur deficient plants showing reduced quantities of PA1 mRNAs (Morton et al., 1993).  
Further work and investigation into the gene regulation and properties of the pea 
albumin proteins was conducted through the late 1980s and early 1990s but no reports of 
insecticidal activity appear until 1993 when screens of four species of cereal weevil,  
Sitophilus zeamais, S. oryzae, S. granaries and S. linearis were fed on split peas. Of the four 
species tested only the S. oryzae strain China showed any ability to feed or develop on split peas, 
the other three species all reported 80 – 100 % mortality within 40 days (Delobel and Grenier, 
1993). This toxicity was eventually attributed to the PA1b peptide and its use as an insecticidal 
toxin was patented in 1998 (Delobel et al., 1998). The PA1 proteins were also under investigation 
for use as nutritional enhancers that would be stable in the rumen of grazing animals. The first 
attempt to produce PA1 in a heterologous expression system was an attempt to use PA1 as a 
nutritional enhancer which would be stable in the rumen of grazing animals. and the authors 
demonstrated that PA1 is expressed and processed correctly in Trifolium repens (white clover), 
however despite high quantities of mRNA being found in leaf tissue very little protein was 
detected (Ealing et al., 1994).  
 
1.5.2 Biological activity of PA1b 
After the initial discovery of the insecticidal activity of PA1b against Sitophilus spp. very 
few papers have examined the range of insecticidal activity of PA1b. The initial patent of PA1b 
displays figures which indicate toxicity toward Acrythosiphon pisum (pea aphid) and Ephestia 
kuehniella (Mediterranean flour moth) (Delobel et al., 1998).  Gressent et al., (2007) went on to 
test the range of toxicity of PA1b against a series of different species from different insect orders. 
The authors tested three different species of aphid, specifically A. pisum, Aphis gossypii (cotton 
aphid) and M. persicae (green peach-potato aphid). PA1b was very effective against A. pisum 
causing 100 % mortality after 6 days when fed at 0.5 mg mL-1 in artificial diet, but less effective 
against A. gossypii with only 30 % mortality at 1 mg mL-1 recorded and finally M. persicae was 
insensitive with no mortality observed at concentrations up to and including 1 mg mL-1.  
In contrast to the information provided in the PA1b patent, the survival and 
development of the lepidopteran pest Mamestra brassica (cabbage moth) was not affected 
when larvae were fed PA1b at doses up to 1000 mg g-1. Personal communication referenced in 
Gressent et al., (2011) also suggests that other lepidopterans such as Spodotera littoralis and 
Ostrinia nubilalis are insensitive to PA1b. Interestingly despite the claim that S. littoralis are 
insensitive, cultured cells from this insect (SF9 cells) displayed sensitivity to low doses of PA1b 






(Rahioui et al., 2014). The dipteran pest and vector of West Nile virus and Japanese encephalitis 
Culex pipens larvae were rapidly killed by concentrations of 250 µg mL-1 of PA1b added to water 
in which they were kept. Again, personal communication in Gressent et al (2011) suggests that 
PA1b may also be toxic to the yellow fever mosquito Aedes aegypti, however no published data 
are available.  
Gressent et al., (2007) also tested PA1b against numerous coleopteran species, 3 strains 
of S. orazyae showed LC50 values of approximately 500 µg g-1, S. zeamais showed an LC50 of 234 
µg g-1. The coleopteran flour beetle Tribolium castaneum survived for 15 days on diets 
containing 1000 µg g-1 of PA1b, conversely the ladybeetle Harmonia axyridis was particularly 
sensitive, with relatively low (250 µg g-1) concentrations of PA1b found to cause major decreases 
in survival and disrupted development, with only 20 % of insects surviving to pupation and of 
those only 50 % pupated as compared to 80% control survival and 100 % pupation. By contrast, 
parasitic wasps of the genus Trichogramma were also reported to be unaffected by PA1b.  
Gressent et al., (2007) also tested this toxin on the bacterial species Pseudomonas 
aeruginosa, Staphylococcus aureus, Enterococcus faecium and Escherichia coli and the fungi 
Candida albicans, C. glabrata and Aspergillus fumigatus. No effect was detected on any species 
up to 48 hours after the addition of the toxin to the respective culture medium at 64 µg mL-1. 
PA1b also showed no activity when exposed to mammalian cells (Rahioui et al., 2014). 
 
1.5.3 Mode of action and the structure of PA1b 
The mode of action of PA1b has been unknown until recently. A high affinity binding site 
was discovered in the gut membrane of susceptible Sitophilus spps, four strains of S. orazyae 
which were previously shown to have a monogenic resistance to PA1b displayed no binding 
activity (Grenier et al., 1997; Gressent et al., 2003). Gressent et al., (2007) showed multiple 
insects regardless of sensitivity to have a high affinity PA1b binding site in their gut membranes. 
Based on the structural similarity of PA1b to ACTX, a spider toxin which blocks ion channels, it 
was hypothesised PA1b may have a similar function in the gut membrane (Jouvensal et al., 
2003). The target site of PA1b was identified in a electrophysiological and pharmacological study 
as V-ATPase, specifically the V0 subunit which is membrane bound and is available on the apical 
side of the gut membrane (Chouabe et al., 2011). The authors determined this through exposing 
patch clamped SF9 cells to PA1b and measuring the current across the cell membrane. Exposure 
to PA1b resulted membrane depolarisation in a dose-dependent manner. This provided 
evidence that PA1b was inhibiting a membrane channel or pump. Chouabe et al., (2011) found 
an almost identical response when they exposed the cells to bafilomycin, an irreversible specific 






inhibitor of V-ATPase proton pumps, and further confirmed the target site of action by 
monitoring the ATPase activity of purified Manduca sexta V-ATPase in the presence of PA1b and 
found it to be reduced (Bowman et al., 1988; Chouabe et al., 2011). The specific binding site on 
the V-ATPase was elucidated using electron microscopy to show multiple binding sites on the c-
ring of V0  similarly to bafilomycin, mutations in the c-subunit which causes resistance to 
bafilomycin also conferred resistance to PA1b (Muench et al., 2014). The same study utilised 
radiolabelling and showed that the e-subunit also interacts with PA1b. It is hypothesised that 
PA1b prevents rotation of the c-ring by which is required for proton transport, by locking it to 
the static e-subunit (Figure 1.2). PA1b is the only known proteinaceous inhibitor of V-ATPase 
proton pumps. Inhibition of V-ATPases by PA1b in the sensitive Sitophilus oryzae strain WAA42, 
triggered apoptosis in effected cells (Eyraud et al., 2017). The function of PA1a is not known, it 
does not display insecticidal activity when exposed to SF9 cells, and it is suspected to aid in the 
correct folding of PA1b, as expression of PA1b in tobacco leaf tissue was poor (<2.4 µg g-1 leaf 
tissue) without the presence of a PA1a encoding sequence in the expression construct   (Eyraud 
et al., 2013). 
As mentioned previously, the primary amino acid structure and gene sequence of the 
PA1 gene cassette were elucidated in the mid-1980s (Gatehouse et al., 1985; Higgins et al., 
1986). Eventually the tertiary structure of PA1b was determined using NMR modelling of PA1b 
purified from pea seed (Figure 1.3) (Jouvensal et al., 2003). The authors determined that this 
small peptide is a member of the inhibitor cysteine knot (ICK) family and displays all the 
structural characteristics of a knotting fold, specifically a triple-strand antiparallel β-sheet with 
a long flexible loop connecting the first and second strand, and the cysteine knot motif (Figure 
1.3). This structure is undoubtedly related to its function, however the knottin protein group 
whilst similar in structure, are diverse in function and contain many biologically active proteins 
from plants, spiders, fungi and cone snails (Daly and Craik, 2011). These proteins are known to 
be responsible for a wide range of biological activity, but a large proportion of them inhibit 
voltage gated ion channels (Daly and Craik, 2011; Fletcher et al., 1997; Norton and Pallaghy, 
1998). There is evidence to suggest that the ICK motif confers high proteolytic, thermal and 
chemical stability (Daly and Craik, 2011; Herzig and King, 2015). For example the ICK peptide 
Hv1a was shown to be stable from pH 1-8 and to resist degradation by proteinase K (Herzig and 
King, 2015). PA1b itself has been shown to be remarkably resistant to proteolytic degradation 
both to commercial enzymes and gut extracts from resistant insects (Gressent et al., 2007). 
Jouvensal et al., (2003) further suggested that PA1b had structural similarities to the toxin from 






Hadronyche versuta ACTX-Hi, despite there being little sequence similarity. The authors further 
identified that PA1b as an amphipathic protein with an external hydrophobic face formed on 
the residues of L2, between the first and second β-sheets, this amphipathic nature is thought to 
be necessary for activity (Eyraud et al., 2013). A structural study went on to determine, through 
chemical mutagenesis, that the receptor binding and insecticidal activity were both dependent 
on a cluster of residues in L2, with binding activity being dependent on Phe-10, Arge-21, Ile-23 



































Figure 1.3 PA1b 3D - structure and the Pea albumin PA1 precursor. (A) Three dimensional 
structure of PA1b (Protein data Bank ID cod 1P8B) showing α- helix (red), β-sheet (yellow) and 
disulphide bridges (blue) (Jouvensal et al., 2003). (B) The primary structure for the PA1 
preproprotein (Gatehouse – Unpublished based on accession number: CAB82859.1).  
  
(A)                                                             (B) 






1.6 Galanthus nivalis agglutinin (GNA) 
Lectins are sugar binding molecules found in all plants, and some other organisms such 
as bacteria and were initially discovered in 1888 by Stillmark who discovered that an extract of 
castor beans hemagglutinated erythrocytes. This large group of heterogenous proteins are often 
categorised by their binding properties (Van Damme et al., 1998). Their function is primarily 
considered to be nitrogen-storage, and they bind specifically and reversibly to mono- or 
oligosaccharides (Peumans and Van Damme, 1995). Beyond nitrogen storage lectins are 
proposed to be involved in an array of biological functions ranging from conferring specific 
interactions between legumes and rhizobia to plant defence against insects or microorganisms 
(Gatehouse et al., 1995; Laus et al., 2006; Peumans and Van Damme, 1995).  
The mannose specific Snowdrop lectin or Galanthus nivalis agglutinin (GNA) has been 
well characterised in the literature and was the first monocot mannose-binding lectin to be 
isolated (Van Damme et al., 1987). GNA exists in vivo as a 50 kDa homotetramer (Quaternary 
structure shown in Figure 1.4. Each of the four identical subunits has a mass of approximately 
12 kDa and consists of 109 amino acid residues which form a β-barrel structure. Each subunit 
has three binding sites for mannose, resulting in a total of 12 binding sites per homotetramer 
(Hester et al., 1995). The mannose binding site of GNA monomers consists of four conserved 
amino acids (Gln89, Asp91, Asn93 and Tyr97). The specificity for α-1,3 or α-1,6 linked D-mannose 
is due to hydrogen bonding to Asp91 and Asn93 which is not possible with other sugars such as 
D-glucose (Barre et al., 2001). Functional recombinant GNA has been expressed in a range of 
heterologous expression systems including Pichia pastoris, Nicotiana tabacum and Oryza sativa 
(Raemaekers et al., 1999; Rao et al., 1998; Stoger et al., 1999).  
Snowdrop lectin has been found to be somewhat toxic towards many important 
agricultural insect pests, across multiple orders, including the Hemiptera, Coleoptera and 
Lepidoptera. Toxicity of GNA has been shown at varying levels towards Myzus persicae, 
Acrythosiphon pisum, Nilaparvata lugens, (Powell et al., 1993; Rahbé et al., 1995a; Sauvion et 
al., 1996). Fitches, Gatehouse, and Gatehouse (1997) showed that larvae of the tomato moth 
Lacanobia oleracea fed on artificial diet containing GNA had significantly reduced biomass and 
extended development time as compared to controls. Expression of GNA in transgenic crops has 
also been shown to confer resistance, with varying degrees of success from decreased survival 
to decreased fecundity towards many different pests including multiple aphid species, plant 
hopper, N. lugens and lepidoptera L. oleracea (Gatehouse et al., 1996, 1997; Hilder et al., 1995; 
Rao et al., 1998; Stoger et al., 1999). Whilst GNA has some toxic activity towards insects 
importantly it does not display any toxic effects toward higher mammals, unlike other 






insecticidal lectins such as the jackbean lectin Concanavalin A (ConA) (Oliveira et al., 1989; 
Poulsen et al., 2007). 
The mechanism for GNA insecticidal activity is still not yet elucidated. GNA is highly 
resistant to gut proteolysis and has been shown to bind to proteins present in gut epithelial 
membrane, such as aminopeptidase, and accumulate in the gut in many insects (Cristofoletti et 
al., 2006; Fitches and Gatehouse, 1998; Powell et al., 1998; Yang et al., 2014). Further after 
feeding on GNA, the lectin can be detected in the haemolymph, fat bodies and ovarioles in N. 
lugens (Hemiptera). Similarly transport across the gut epithelium to the haemolymph following 
ingestion of GNA has also been demonstrated in Lepidopteran and Coleopteran pests (Fitches 
et al., 2001; Hogervorst et al., 2006). The mechanism of transport across the gut epithelium is 
known to be dependent upon binding to mannose residues and thought to occur via receptor 
meditated endocytosis (Bonning and Chougule, 2014). The ability of GNA, following ingestion, 
to be transported from the gut lumen to the haemolymph in a range of insects from different 
orders forms the basis for the development of novel insecticidal fusion proteins. 
 
1.7 GNA fusion proteins as a novel insect control method 
The ability of GNA to transport across the insect midgut barrier to the haemolymph after 
oral ingestion, opened up the possibility of utilising GNA to transport toxic molecules to their 
target site. The initial GNA fusion protein was a fusion of Manducta sexta allatostaitn (Manse-
AS) and GNA, the fusion was found to inhibit feeding and development of L. oleracea when 
administered in diet, but it did not cause mortality (Fitches et al., 2001). The authors also 
detected high Manse-AS immunoreactivity in the haemolymph after feeding providing the first 
evidence that GNA can transport peptides across the gut epithelium. Building on previous 
success Fitches et al., (2004) fused a toxin from the spider Segestria florentina to GNA 
(SFI1/GNA), feeding of the fusion protein to L. oleracea resulted in 100 % mortality after six days 
whereas neither the toxin nor GNA alone displayed acute toxicity. Furthermore, intact SFI1/GNA 
was detected in the haemolymph after feeding. Various other toxins have been fused to GNA 
and tested against multiple insect species, and have all effectively increased the oral activity of 
neuropeptides against the plant hopper N. lugens, beetles (T. castaneum and A. tumida), aphids 
(A. pisum, M. persicae, S. avenae) and lepidopteran larvae (M. brassica, L. oleracea, S. littoralis) 
(Down et al., 2006; Nakasu et al., 2014a; Powell et al., 2019; Trung et al., 2006; Wakefield et al., 
2010; Yang, 2015; Yang et al., 2014). Expression of GNA fusions with the calcium ion channel 
blocker ɷ-ACTC-Hv1a, in transgenic Arabidopsis has also been shown to confer resistance to M. 
persicae as compared to wild type (Nakasu et al., 2014a).  







Figure 1.4 GNA homotetramer, quaternary structure. Individual subunits are displayed in 
different colours. The high affinity mannose binding sites are displayed on each subunit 
containing a bound sugar molecule. Source: Hester et al., (1995). 
  






The same fusion proteins also showed no toxicity to honeybee (A. mellifera) larvae or adults and 
no detrimental effects on memory in adult bees (Nakasu et al., 2014a; Powell et al., 2019).  
As PA1b has a target site in the insect gut, the anchoring properties of GNA are possibly 
more important than transport across the gut in regard to this project. Yang et al., (2014) 
demonstrated the ability of GNA to facilitate retention of toxin in the aphid gut through binding 
to the epithelial membrane. It is hypothesised that fusion of pea albumin to GNA could result in 
increased toxicity as a result of localisation to the gut membrane by binding to mannosylated 
proteins that line the gut epithelium. 
 
1.8 Pichia pastoris as a protein expression system 
1.8.1 History of Pichia pastoris 
The methanotrophic yeast P. pastoris is a currently used as a major expression host in 
the production of heterologous proteins, throughout academia, and the biotechnology and 
pharmaceutical industries (Ahmad et al., 2014; Weinacker et al., 2014). The pervasiveness of 
this microorganism is due to several advantages it confers over other protein expression 
systems. These advantages include but are not limited to: the ability to form disulphide bridges 
within the cytoplasm, the ability to glycosylate recombinant proteins amongst other post-
translational modifications not possible in prokaryotic cells such as E. coli; the expression levels 
are often significantly higher or at least comparable to other expression systems, and is scalable 
to industrial fermentation (Baumgartner et al., 2003). Pichia pastoris was initially isolated from 
the bark of a French chestnut tree and named Zymosacchromyces pastoris in 1920 by Alexandre 
Guilliermond. By 1995 another strain had been isolated, and these were designated to their own 
genus Komagataella (Phaff et al., 1956; Yamada et al., 1995). These two strains were then 
separated into two distinct species, Komagatealla pastoris and K. phaffii (Kurtzman, 2005). Both 
K. pastoris and K. phaffii strains are utilised for heterologous protein expression and are referred 
to as P. pastoris throughout the literature (Zahrl et al., 2017). Throughout this thesis the name 
Pichia pastoris is used, in keeping with published literature. 
 
1.8.2  Promoter systems 
There are multiple promoter systems that are available for use in P. pastoris protein 
expression. One of the most common and widely utilised is the AOX1 promoter, which utilises 
methanol to induce protein expression. Using an inducible promoter adds a degree of 
complication to the process of heterologous protein expression, as it requires a swap of carbon 
source from glycerol or glucose to methanol to induce protein expression (Tschopp et al., 1987). 






The AOX1 promoter is often repressed by other commonly used carbon sources in benchtop 
fermentation (Inan and Meagher, 2001). Furthermore, methanol is a toxic and flammable 
compound, introducing safety concerns when scaling to large volume fermentations. In order to 
reduce complicating factors throughout this thesis the constitutive glyceraldehyde-3-phosphate 
dehydrogenase (GAP) promoter was used, which should continually produce protein throughout 
yeast lifecycle (Waterham et al., 1997).  
 
1.8.3  Recombinant protein localisation 
The localisation of protein after expression is an important factor in the production of 
recombinant protein. Secretion to the medium will significantly reduce the resources needed 
for purification by removing the need to lyse the cells to access the protein. Pichia pastoris has 
relatively few endogenous proteins which are secreted into the medium, with only 20 unique 
proteins identified in the secretome using LC-ESI-MS/MS and 21 using 2D gel electrophoresis, as 
compared to the S. cerevisiae secretome which contains 239 unique secreted proteins 
(Mattanovich et al., 2009; Smeekens et al., 2017). The combination of relatively simple 
methodology and relatively few detectable excreted proteins provide a good starting point for 
protein purification from culture supernatants. 
The pGAPα vectors from Invitrogen, contain the S. cerevisiae α-factor signal sequence 
upstream of the protein coding sequence. The α-factor directs the heterologous protein to the 
culture medium after expression, and should be removed by post-translational processing 
before the protein is exported to the medium, and this has been demonstrated for the 
expression of GNA using transformed P. pastoris cells, (Brake et al., 1984; Raemaekers et al., 
1999). The α-factor is processed in three steps. Initially the pre signal is cleaved in the 
endoplasmic reticulum, then Kex2 endopeptidase cleaves the pro sequence, between arginine 
and lysine, and finally, the glutamic acid alanine repeats should be removed by a Ste13 protein 
(Brake et al., 1984). On occasion, the α-factor is incorrectly processed, and the recombinant 














1.9 Aims and objectives 
 This project explores the utilisation of GNA fusion protein technology to enhance the 
toxicity of pea albumin toward hemipteran pests. Various expression constructs, fermentation 
and purification strategies are investigated to determine the optimal method of production. 
Purified recombinant pea albumin – GNA fusion proteins were then tested for insecticidal 
activity towards three model aphid pests and compared to a recombinant version of pea 
albumin produced in P. pastoris. Finally, the reasons for the observed enhanced toxicity of the 
fusion protein as compared to pea albumin alone and the differential toxicity between A. pisum 
and M. persicae were investigated.  
The objectives are as follows: 
1. Evaluate the effect of excess glycerol in the fermentation medium on the recovery of 
recombinant GNA when purified using nickel affinity chromatography 
2. To evaluate samples of PA1b/GNA produced previously to confirm initial findings. Then 
subsequently produce a clean sample of a PA1b/GNA fusion protein to determine if the 
acute toxicity initially observed was due to poor sample quality or due to high activity of 
the fusion protein. 
3. Design new fusion protein constructs with the aim of improving expression levels and 
recovery of purified recombinant fusion proteins using a P. pastoris expression system. 
4. Evaluate the insecticidal effects of pea albumin fusion proteins and determine why 
fusion to GNA may enhances activity compared to recombinant pea albumin. 





Chapter 2 |Materials and Methods 
2.1 Recipes of commonly used media, buffers and reagents 
2.1.1 Bacterial culture medium 
LSLB Broth: 1% (w/v) NaCl, 1% (w/v) peptone, 0.5% (w/v) yeast extract, 
dissolved in distilled water. 
LSLB Agar:  1.5% agar added to LB Broth 
2.1.2 Yeast culture medium 
YPG broth: 1% (w/v) yeast agar, 2% (w/v) tryptone, 4% (w/v) yeast extract, 
dissolved in distilled water.  
YPG Agar:  1.5% Bacto agar added to YPG medium. 
Fermentation medium:   Basal salt medium as per Higgins and Cregg (1998). 
   Yeast peptone glycerol medium (YPG) 
   Buffered glycerol complex medium (BMGY) 
2.1.3 Agarose gel electrophoresis: 
TAE (50X):   2M Tris/Acetic acid pH 7.7, 50mM EDTA. 
DNA Loading buffer: 30 % (v/v) glycerol, 0.25 % (w/v) bromophenol blue, sterile 
distilled water. 
Agarose gel: 1X TAE, 0.8 % (w/v) agarose 
 
2.1.4 Protein gel electrophoresis (SDS-PAGE): 
5X SDS sample buffer:  0.5M Tris/HCl (pH 6.8), 50% (v/v) glycerol, 5% (w/v) SDS, 0.005% 
(w/v) bromophenol blue. 
Acrylamide: 40% (w/v) acrylamide: 0.8% (w/v) bis-acrylamide stock solution 
(37.5:1) (Sigma-Aldrich, St. Louis, USA). 
Resolving buffer:  3.0 M Tris/HCl pH 8.8. 
Stacking buffer:  0.5 M Tris/HCl pH 6.8. 
Reservoir buffer (10X):  0.25M Tris/HCl pH 8.3, 1.92 M Glycine, 1% (w/v) SDS. 
(CBB) Stain: 40% (v/v) methanol, 7% (v/v) glacial acetic acid, 0.05% 
Coomassie Brilliant Blue (CBB). 
Destain: 40% (v/v) methanol, 7% (v/v) glacial acetic acid. 
Stacking gel mixture: 2.5% (v/v) Acrylamide (37.5:1 acrylamide:bis-acrylamide; 
Sigma-Aldrich, St. Louis, USA), 125mM Tris-HCl (pH 6.8), 0.1% 
(w/v) SDS, 0.1% (w/v) ammonium persulphate, 0.0075% (v/v) 
N,N,N’,N’-tetramethhylethylenediamine (TEMED). 





Resolving gel mixture: 12.5% or 15% or 17.5% (v/v) Acrylamide, 375mM Tris-HCl (pH 
8.8), 0.1% (w/v) SDS, 0.075 (w/v) ammonium persulphate, 
0.05% (v/v) N,N,N’,N’-tetramethylethylenediamine (TEMED). 
2.1.5 Protein molecular weight marker: 
PierceTM Unstained Portein Marker:   Mass 
  116.0 kDa 
  66.2 kDa 
  45.0 kDa  
  35.0 kDa  
  25.0 kDa 
  18.4 kDa  
  14.4 kDa  
2.1.6 Western blotting: 
Transfer buffer: 48 mM Tris/HCl, 39 mM glycine, 20% (v/v) methanol, 0.0375% 
SDS (pH 9.2). 
Ponceau stain: 0.1% Ponceau S, 5% (v/v) acetic acid, prepared in distilled 
water. 
PBS (10X): 0.015 M KH2PO4, 0.08 M Na2HPO4, 1.37 M NaCl in distilled 
water. 
Blocking solution: 5% (w/v) Non-fat milk powder, 1X PBS, 0.1% (v/v) Tween-20. 
Anti-Sera solution: 5% (w/v) Non-fat milk powder, 1X PBS, 0.1% (v/v) Tween-20. 
PBST: 1X PBS, 0.1% (v/v) Tween-20. 
2.1.7 Chemiluminesent detection reagents: 
Solution A: 100 mM Tris/HCl pH 8.0, 0.2 mM coumaric acid, 1.25 mM 
luminol in 50 mL distilled water.  
Solution B: 10 % (v/v) H2O2 (30% solution) in distilled water. 
2.1.8 Schiff – periodic acid staining 
Solution A:   1.0 % (v/v) periodic acid, 3 % (v/v) acetic acid 












2.1.9 DNA molecular weight marker: 
Bioline Hyperladder 1kb Size:   ng/Band: 
 10037  100 
 8000  80 
 6000  60 
 5000  50 
 4000  40 
 3000  30 
 2500  25 
 2000  20 
 150/1517 15/15 
 1000  100 
 800  80 
 600  60 
 400  40 
 200  20 
 
2.1.10 Nickel affinity chromatography buffers 
Binding buffer (4x):    80 mM sodium phosphate, 2 M NaCl, pH 7.4 
Binding buffer (1x):   20 mM sodium phosphate, 0.5 M NaCl, pH 7.4 
Wash buffer: 20 mM sodium phosphate, 0.5 M NaCl, 10 mM 
imidazole, pH 7.4 
Elution buffer: 20 mM sodium phosphate, 0.5 M NaCl, 200 mM 
imidazole, pH 7.4 
2.1.11 Strep-tactin chromatography buffers 
Binding buffer (4x): 80 mM sodium phosphate, 1.1 M NaCl, 24 mM 
potassium chloride, pH 7.4 
Binding buffer (1x): 20 mM sodium phosphate, 280 mM NaCl, 6mM 
potassium phosphate, pH 7.4  
Elution buffer:  20 mM sodium phosphate, 280 mM NaCl, 6mM 
potassium phosphate, 2.5 mM desthiobiotin, pH 7.4 
Regeneration buffer:  0.5 M NaOH 
2.1.12 Yeast lysis buffer 
Yeast lysis buffer:  2% Triton X-100, 1% SDS, 100 mM NaCl, 10 mM Tris-HCl 
(pH 8.0), 1 mM EDTA (pH 8.0) 
 
 





2.2 Standard molecular biological techniques 
2.2.1 Oligonucleotide primers 
Oligonucleotide primers were produced by Integrated DNA Technologies (IDT, Coralville, USA). 
The primers were resuspended in sterile distilled water to a concentration of 100 µM. Before 
use primers were diluted using sterile distilled water to final concentrations of 20 µM. 
 
2.2.2 Amplification of DNA by polymerase chain reaction (PCR) 
PCR was performed using a Thermo Scientific Hybaid PCR Sprint thermal cycler. PCR 
reactions, between 25 and 50 l, were set up on ice, in 0.2 mL PCR tubes. A reaction of 50l 
generally consisted, DNA template (5-100ng), 10 µL Hifi polymerase buffer (PCR biosystems, 
London, UK), 1 µM of each the respective forward and reverse primer and 0.5 µL of Hifi 
polymerase (PCR biosystems, London, UK), then made up to 50 µL with sterile distilled water. 
For multiple reactions a master mix containing all reagents common to all reactions was 
prepared and dispensed into individual tubes, where upon the differing reagents were added. 
Typically, PCR followed stages of initial denaturation at 95 °C for 5 minutes, then 25 – 35 cycles 
of denaturation at 95 °C for 30 seconds, annealing at 55 °C for 30 seconds and extension at 72 °C 
for 30 seconds to one minute depending on template length. Finally, a final extension stage at 
72 °C lasted for 7 minutes. 
 
2.2.3 Agarose gel electrophoresis 
DNA was separated using agarose (Sigma-Aldrich, St. Louis, USA) gels of 1-2% (w/v) in a 
1X TAE buffer containing 0.5 g mL-1 Ethidium Bromide to facilitate visualization with UV light 
(UVB, 300 nm). Samples were prepared before loading to contain 1X DNA loading buffer. The 
gels were then run at 50-100 V in 1X TAE buffer. The gels were then photographed using UV (300 
nm) light. 
 
2.2.4 DNA extraction from gel 
After identification of DNA fragments under UV (300 nm) light, DNA bands of the 
appropriate mass were excised from the agarose gel using a clean scalpel, whilst minimising 
exposure to UV (300 nm) light. The gel sliced was weighed on a fine balance. DNA fragments 
were extracted using the QIAquick Gel Extraction kit, following the manufacturers protocols and 
eluted in 50 µL of nuclease-free water. 
 
 





2.2.5 Restriction endonuclease digestion of DNA 
Restriction endonuclease digests were carried out using commercially available 
restriction endonuclease enzymes with manufacturer recommended buffers. Typically, 2 g of 
plasmid DNA, 4 µL of 10 X reaction buffer, 2 µL of the appropriate enzyme and the reaction was 
made up to 40 µL with NFW. The digestions were incubated at 37°C overnight for complete 
digestion. 
 
2.2.6 DNA ligation 
DNA ligation reactions were carried out using a commercially available T4 DNA ligase 
(Promega, Madison, USA), following the manufacturer recommended protocols. Reactions 
consisted of 1 µL of 10 X T4 buffer, 1 µL of T4 ligase, appropriately restricted insert DNA and 
vector DNA in a 3:1 ratio, the reaction was made up to 10 µL with sterile distilled water. 
Reactions were incubated on the bench for 1 hour followed by overnight at 4 °C.  
 
2.2.7 Bacterial culture 
Liquid bacterial cultures were grown in 10 mL Low Salt Luria-Bertani (LSLB) medium 
using single colonies picked from LB-agar plates. Liquid cultures were grown at 37 °C overnight 
on a rotary shaker at 220 rpm. If appropriate antibiotics were added to culture medium to 
facilitate selection. When cultured on solid LSLB-agar plates, antibiotics were added when the 
medium had cooled to approximately 50°C. LSLB medium were used with Zeocin (Invitrogen, 
Carlsbad, USA) for antibiotic selection. 
 
2.2.8 Electro-competent cells 
Electro-competent E. coli TOP10 cells were prepared as described in (Fitches et al., 
2004), and were used for transformation. 
 
2.2.9 Transformation of E. coli 
Electro-competent cells were transformed as per a standard protocol outlined in 
Sambrook and Russel (2001). 50l of electro-competent cells were mixed with between 0.5 and 
1.0l of DNA ligation reaction mixture, and transformed under the following conditions: Biorad 
Electroporator, electrical pulse set to 25F, capacitance set to 2.5kV and 200ohm resistance. 
The above conditions were applied to the cells for 4-5 milliseconds with field strength of 
12.5kV/cm. The transformation mix was incubated for 1 hour at 37°C and then plated onto the 





respective medium containing antibiotic. The plates were then incubated overnight at 37°C. 
Colonies were screed using colony PCR and positive results were sent for sanger sequencing.  
 
2.2.10 Colony PCR 
Colony PCR reactions were 20 µL and consisted of 2 µL of 10 x PCRbio Classic Buffer (PCR 
biosystems, London, UK) with 30 mM MgCl2, 0.5 µL of 25 µM dNTP solution, 0.5 µL of each 20 
µM specific forward and reverse primers, 1 µL of Classic Taq polymerase and then made up to 
20 µL with sterile distilled water. If numerous reactions were required a master mix was made 
up to a volume of n + 1 and aliquoted into 0.2-mL tubes. A bacterial colony was picked from the 
transformation plate using a sterile pipette tip and transferred into individual PCR tubes, and 
vortexed. Colony PCR utilised a cycle of 95 °C for 10 minutes, then 25 cycles of denaturation at 
95 °C for 30 seconds, annealing at 55 °C for 30 seconds and extension at 72 °C for 30 seconds to 
one minute depending on template length. Finally, a final extension stage at 72 °C lasted for 7 
minutes. 
 
2.2.11 Isolation of plasmid DNA 
Clones were incubated in 10 mL of LSLB with appropriate antibiotic selection at 37 °C 
overnight, centrifuged, and plasmid DNA was isolated from the cell pellet using the Wizard Plus 
SV miniprep DNA purification kit (Promega, Madison, USA) as per the manufacturer’s 
instructions. Plasmid DNA was eluted in 100 µL of nuclease free water and stored at -20°C.  
 
2.2.12 DNA sequencing 
DNA sequencing was carried out by the DNA sequencing service (DBS Genomics) at the 
Department of Biosciences at Durham University. Sanger sequencing was performed using 
Applied Biosystems ABI Prisim 3730 automated DNA sequencers. Plasmid specific primers were 
used in all DNA sequencing reactions. SerialCloner (Version 2.6.1) was used to view and analyse 
the sequence data.  
 
2.2.13 Linearization of plasmid DNA 
To prepare DNA for transformation into P. pastoris plasmid DNA was linearized using 
AvrII. Plasmid isolation of 40 mL of LSLB was pooled and restricted with AvrII. The reaction 
consisted of 200 µL plasmid, 10 µL AvrII, 25 µL 10 C CutSmart Buffer and 15 µL of sterile distilled 
water. Linearization reactions were incubated over night at 37 °C. 
 





2.2.14 Ethanol precipitation of DNA 
The volume of DNA solution was checked using a pipette and 1/10th volume of 3 M 
sodium acetate was added along with a double volume of absolute ethanol. This was then 
incubated overnight at -20°C. The solution was then centrifuged at 14,000 rpm for 15 minutes 
at 4°C. The pellet was washed and re-pelleted with 70% ethanol twice, then air dried and re-
suspended in an appropriate volume of sterile distilled water.  
 
2.2.15 Sodium dodecyl sulphate-polyacrylamide gel glectrophoresis (SDS-PAGE) 
For the separation of protein, the samples and a molecular weight marker (Thermo 
Pierce unstained protein MW marker) were denatured and reduced before loading by adding 
concentrated sample loading buffer (5X) enough sample to reach 1X and boiling for 10 minutes 
at 100°C. The proteins were then separated according to weight by sodium dodecyl sulphate 
polyacrylamide gel electrophoresis (SDS-PAGE) by the protocols outlined in Laemmli et al., 
(1970). Gels (9x10cm) were run in 1X reservoir buffer at constant voltage (100-150V) in ATTO 
AE450 gel tanks. Following electrophoresis, the gels were either stained or transferred to 
nitrocellulose membrane for western blotting.  
 
2.2.16 Coomassie blue staining and de-staining of SDS-PAGE gels 
Proteins were visualised by staining with CBB stain for a minimum of 3 hours, often 
overnight, followed by immersion in destain solution until the background was clear. Both 
processes were performed at room temperature with gentle shaking.  
 
2.2.17 Western blotting 
Proteins were blotted on to nitrocellulose (Hybond ECL, Amersham, Amersham, UK) 
membrane following SDS-PAGE by semi-dry electro-blotting. The nitrocellulose membrane and 
3MM blotting paper (Whatman) were cut to the same dimension as the gels and soaked in semi-
dry transfer buffer for up to 1 hour before blotting. Three layers of blotting paper were placed 
on the bottom electrode of the blotter followed by the nitrocellulose membrane. The acrylamide 
gel was placed on top of the membrane followed by three more sheets of blotting paper, air 
bubbles were removed with a plastic roller. The electro-blotting was performed on an ATTO AE-
6675 blotting apparatus. The conditions of the transfer were 150mA (2.0 mA/cm2) constant 
current for 60 minutes. Transfer was confirmed by staining with Ponceau S stain. The protein 
marker bands were marked on the membrane with pencil, and the membrane was then 
destained with distilled water. 





2.2.18 Chemiluminescent detection of proteins 
In order to block the non-specific protein binding sites, membranes were incubated in 
40 mL blocking solution and agitated gently for 20 minutes, three times. Following blocking the 
membranes were incubated overnight at 4°C with 5 mL blocking solution containing primary 
antibody (Anti-His or Anti-GNA), with a ratio of 1:2500 unless otherwise specified. Unbound 
primary antibody was removed by three ten-minute washes with antisera at room temperature. 
The membrane was then transferred to antisera containing appropriate secondary antibody 
(Goat Anti Mouse IgG(H+L)-HRP conjugate) in the same ratio as the primary antibody and 
incubated for 1-2 hours at room temperature. Membranes were then washed three times with 
1 X PBST, 10 minutes per wash. 3 x 10 minute washes with distilled water were used to remove 
excess Tween 20. Solution A and B were prepared as described in the recipe. 5 mL of Solution A 
was mixed with 15 l of solution B immediately before detection. Specific antibody binding was 
visualised by exposing membranes to photosensitive film (SLS). Exposed films were washed and 
develop on an X-ograph Imaging Systems Compact X4 automatic developer. 
 
2.3 Transformation of Pichia pastoris 
Plasmid DNA was collected from clones verified for the correct sequence through a mini-
prep kit. Plasmid DNA from 3x10 mL cultures were pooled and linearized with the restriction 
enzyme BlnI or AvrII overnight at 37°C, following the standard restriction digestion protocol. 
Linearization was confirmed on a 1 % agarose gel with undigested plasmid as a control. The 
digested DNA was precipitated using ethanol and suspended in 20l sterile distilled water and 
transformed into chemi-competent cells of proteases deficient P. pastoris (SMD1168; 
Invitrogen, Carlsbad USA) and X33 using the Pichia EasyComp transformation kit as per 
manufacturer’s instructions. Following transformation cells were incubated for two hours at 
30 °C in yeast peptone glycerol medium (YPG) to allow expression of Zeocin resistance. The 
transformants were then selected on (25 g mL-1) Zeocin in YPG-agar plates by growing for 2-3 
days.  
 
2.4 Screening of Pichia pastoris transformants 
Transformants were grown in small baffled flasks containing liquid YPG (10 mL) and 
Zeocin (100 μg mL-1) for 48-72 hours at 30°C with shaking (200 rpm). The cultures were 
centrifuged at 6000 rpm at room temperature and 25 l was used for SDS-PAGE followed by 
western blotting with appropriate antibodies. 
 





2.5 Yeast genomic DNA extraction 
Yeast genomic DNA extraction was performed based on Harju, Fedosyuk, and Peterson 
(2004). Single colonies were picked from the transformation plates and inoculated into 10 ml of 
YPG with 100 g mL-1 zeocin and incubated at 30 °C for 48 hours. One mL of each culture was 
pelleted in a microcentrifuge tube and the cell pellets were resuspended in 200 μL of lysis buffer. 
The tubes were placed in liquid nitrogen for two minutes then placed in a 100 °C heat block for 
1 minute to thaw quickly. The process was repeated five times, and the tubes were vortexed 
vigorously for 30 seconds. 200 μL of chloroform was added and the tubes were vortexed for 2 
minutes and then centrifuged 3 minutes at room temperature at 20,000 × g. The aqueous layer 
was transferred to a tube containing 400 μL of ice-cold 100% ethanol. The samples were allowed 
to precipitate at room temperature and then centrifuged 5 minutes at room temperature at 
20,000 × g. Supernatants were discarded, and DNA pellets were washed with 500 μL of 70% 
ethanol followed by air drying at room temperature. DNA was resuspended in 20 μL nuclease 
free water. 
 
2.6 Expression of fusion proteins through benchtop fermentation 
A clone which showed good levels of expression blot was selected and grown on fresh 
YPD-agar plates containing Zeocin (25 g mL-1), along with 3x 100 mL YPG liquid cultures (in 250 
mL baffled flasks) were inoculated from a master plate to initiate the starter culture. The culture 
was grown for 2-3 days at 30 °C whilst shaking at 200 rpm. A 7 L benchtop laboratory fermenter 
(Applikon) was used to grow the selected P. pastoris clone, to produce the recombinant protein, 
the methodology used was similar to that used in Fitches et al., (2004). 2.5 litres of basal salt 
medium (BSM) were prepared, as in Higgins and Cregg (1998). Alternate media used were half 
concentrated YPG medium or Buffered Glycerol-complex medium (BMGY) as in Potgieter et al., 
(2009). The medium and fermenter were sterilised by autoclaving. Sterile BSM was 
supplemented with PTM1 salts (Cino, 1999). The fermentation was carried out at 30°C with 
constant agitation at pH 4.5-5 (YPG was maintained at pH 6.5 and BMGY was maintained at pH 
6) and constant dissolved oxygen level of 30 %. When cell density reached a point where 30% 
dissolved oxygen could not be maintained by agitation, a constant feed of glycerol at 50% (v/v) 
was initiated (5-10 mL/hour). When the glycerol feed was depleted the run was continued for 2 
– 3 hours to allow utilisation of the glycerol then the run was stopped. 
 
 





2.7 Processing of fermenter supernatant 
The culture from the fermenter was centrifuged at 800rpm at 4°C for 30 minutes. The 
supernatant was filtered through 2.7 M, followed by 0.7 M glass microfiber filters using a 
vacuum manifold and then diluted with desired binding buffer for loading onto nickel affinity 
columns (Ni-NTA), specifically HisTrap FF columns (GE Healthcare), or StrepTrap HP columns (GE 
Healthcare). Purification of protein was performed using nickel affinity column chromatography 
or by Strep-Tactin affinity chromatography. An aliquot of supernatant was saved prior to dilution 
as load control for analysis by SDS-PAGE or western blotting.  
 
2.8 Nickel affinity chromatography 
2.8.1 Standard protocol 
Ni-NTA columns (HisTrap FF, GE Healthcare) were washed with dH2O to remove ethanol 
from storage, then equilibrated with 10 column volumes (CV) of 1 x binding buffer using 
peristaltic pumps. Culture supernatant was then loaded onto the column continuously using a 
peristaltic pump set to 5 mL min-1 for a minimum of 2 hours up to overnight. After loading a 
sample was saved of the ‘flow through’ for analysis by SDS-PAGE or western blotting. The ouput 
tubing was attached to a UV (280 nm) absorbance monitor connected to a chart recorder so 
absorbance (used as a proxy for protein content) could be monitored. The column was then 
washed with 10 CV of 1X binding buffer (W1) or the chart recorder reached baseline, which ever 
occurred second, the first 5 mL of W1 was collected for analysis on gel. The columns were 
subsequently washed with 10 CV wash buffer (W2) to remove non-specifically bound or weakly 
bound proteins, the peak fraction of W2 was collected for analysis on gel. Finally, the protein 
was eluted using the elution buffer and the peak fraction (on chart recorder) was collected. The 
column was then washed with binding buffer and loaded again. 
 
2.8.2 Purification of PA1b/GNA 
Initially the culture supernatant was dialysed against distilled water to remove salts this 
was then lyophilised as described in section 2.10. The lyophilised powder was then resuspended 
in equivalent volumes of nickel affinity binding buffer with 6 M urea. This was then purified as 
above. Then dialysed against a decreasing gradient of urea concentration then lyophilised. 
 
2.9 Strep-tactin affinity chromatography 
Strep-tactin affinity columns (StrepTrap HP, GE Healthchare) were washed with 10 CV 
of binding buffer (1x) to remove ethanol from storage and equilibrate the column. Culture 





supernatant was then loaded onto the column continuously using a peristaltic pump set to 5 mL 
min-1 for a minimum of 2 hours up to overnight. After loading a sample of supernatant was saved 
and designated as the flow through. connected to a chart recorder so absorbance (used as a 
proxy for protein content) could be monitored. The column was then washed with 10 CV of 1X 
binding buffer (W1) or the chart recorder reached baseline, which ever occurred second, the 
first 5 mL of W1 was collected for analysis on gel. Finally, the protein was eluted using the elution 
buffer and the peak fraction (on chart recorder) was collected. The columns were regenerated 
with 3 CV of distilled water followed by 3 CV of regeneration buffer and then 3 CV of distilled 
water. Columns were then re-equilibrated with 5 CV of binding buffer and then the supernatant 
was loaded again. 
 
2.10 Dialysis and lyophilisation of protein samples 
2.10.1  Preparation of dialysis tubing 
The dialysis tubing was prepared by boiling in a solution of 2 % (w/v) sodium bicarbonate 
and 1mM EDTA (pH 8.0) for 20 minutes. The tubing was then rinsed thoroughly and stored in 
20 % ethanol to prevent contamination. 
 
2.10.2 Dialysis and lyophilisation 
After elution the peak fractions were pooled and poured into dialysis tubing with either 
12-14 kDa pores or 2-3 kDa pores, pore size was determined by the mass of the recombinant 
protein. The filled tubing was placed in a 15 L bucket of distilled water with a small quantity of 
50 mM ammonium hydrogen bicarbonate and stirred slowly. The dialysis was carried out at 4°C 
overnight with constant stirring. The water was changed 4 times, once after the overnight step 
then every hour. to give the 100:1 ratio of water to sample. Post-dialysis the samples were 
frozen on the walls of freeze-drying flasks by shelling in liquid nitrogen and lyophilized on a 
vacuum freeze-dryer until only a dry powder remained, approximately 24-48 hours. 
 
2.11 Quantification of recombinant proteins 
Following lyophilisation, the protein powder was weighed and stored in a 50 mL plastic 
falcon tube. 1 mg of the lyophilised powder was resuspended in 200 μL of PBS, to give a 5 mg 
mL-1 (powder) solution. This solution was then run on 17.5 % polyacrylamide gels by SDS-PAGE 
and were visually compared to protein standards of a known concentration. This allows 
estimation of percentage protein per mg of lyophilised powder.  
 





2.12 Agglutination activity assay 
Agglutination assays were carried out with rabbit erythrocytes in a round bottom (U) 
clear microtiter plate. All lectin solutions for testing were made up to 0.1 mg mL-1 of lectin 
content along with a positive control, commercially purified GNA (Sigma-Aldrich, St. Louis, USA). 
40 L of rabbit blood stock was mixed with 1 mL of 1 X PBS and centrifuged to bring the cells to 
the bottom. The supernatant was discarded, and the pellet was resuspended in 1 mL 1 X PBS to 
make a 2 % rabbit erythrocyte solution. 50 L of 1 X PBS was added to each well of the microtiter 
plate. 50 L of lectin solution was pipetted into individual wells in successive rows then 2-fold 
serially diluted in successive rows. 50 L of the 2 % erythrocyte solution is added to each well 
and mixed gently with the pipette. The plate was then incubated for 2 hours at RT. The threshold 
concentration required for agglutination was assessed visually. Negative agglutination results in 
a round pellet of cells and positive agglutination shows an even red colour.  
 
2.13 Schiff-periodic acid nitrocellulose membrane staining 
Proteins were transferred to a nitrocellulose membrane as described in section 2.2.17. 
The nitrocellulose membrane was then stained with Ponceau to visualise the molecular weight 
marker, which was marked on the membrane with pencil. The Ponceau was detained with 
water. The nitrocellulose membrane was then washed with distilled water for 5 minutes and 
subsequently incubated in solution A for 30 minutes. The membrane was further washed twice 
for 5 minutes in distilled water followed by two 5minute washes in solution B. From this point 
on the membrane must be kept in the dark. The membrane was incubated for 15 minutes with 
Schiff’s reagent (Sigma-Aldrich, St. Louis, USA). The membrane was then washed twice more 
with solution B whilst remaining in the dark. The membrane was then air dried overnight and 
imaged on a scanner.  
 
2.14 LC-MS analysis 
For LC-MS analysis proteins in excised gel bands were digested with chymotrypsin or 
trypsin proteases. Chymotrypsin digests contained ProteaseMAX surfactant (Promega, Madison, 
USA) and were performed as described in the protocol for this product (using 30 ng/µl enzyme). 
Trypsin and chymotrypsin digestions were for 16 h 30 °C. Gel supernatants containing peptides 
were made to 0.5% trifluoroacetic acid, lyophilised and re-suspended in 16 µl 0.1% TFA prior to 
de-salting with a C18 ZipTip (Millipore). Samples were lyophilized and made to 12 µl with 0.1% 
TFA. LC-MS analysis of 5 µl aliquots was performed with a Sciex TripleTOF 6600 mass 
spectrometer coupled to an ekspert™ nanoLC 425 with low micro gradient flow module 





(Eksigent) via a DuoSpray source (Sciex). Peptides were separated on a C18 reverse phase 
column using a gradient of acetonitrile in 0.1% formic acid. MS-MS acquisition used precursor-
ion scans (400 to 1600 m/z) of 250 msec followed by CID-fragmentation of up to 10 multiply-
charged ions, with an MS/MS spectrum (m/z 100-1600) acquisition time of 50 msec for each 
selected ion. MS-Analyst software version 1.7.1 (SCIEX) was used to acquire all MS and MS/MS 
data, MSConvert (ProteoWizard software suite) was used to generate peak lists, and protein 
identification used Peaks Studio 8.5 in conjunction with a database containing known Pichia 
pastoris protein sequences, known proteomic-experiment contaminants and the expressed 
proteins reported here. 
 
2.15 Statistical analysis 
All statistical analysis was performed using Graphpad Prism 8. Survival data was 
analysed using Log-rank (Kaplan-Meier) survival analysis. T-tests were performed using Welch’s 
correction which does not assume equal variance in the samples. LC50 values were calculated by 
performing a non-linear regression based on the log of the concentration of the toxin versus the 
corrected moralities. P values of less than 0.05 are taken to be significant throughout this thesis. 
 
2.16 Artificial rearing Pea aphid (Acyrthosiphon pisum), Peach-potato aphid 
(Myzus persicae) and Grain aphid (Sitobion avenae) 
Parthenogenic females of the pea aphid A. pisum were maintained on bean seedlings, 
(Vicia faba). Whilst parthenogenic females of M. persicae were maintained on Chinese cabbage 
seedlings, (Brassica rapa). Parthenogenic females of S. avenae were maintained on oat seedlings 
(Avena sativa) Plants were maintained at 20°C in a long-day light regime of 16h of light followed 
by 8h of dark.  
In artificial feeding trails, parthenogenetic adult females were transferred to sterile 
liquid diet containing vitamins, minerals 150mM amino acids and 500mM sucrose. After 24 
hours on artificial liquid diet the day-1 neonate aphids (day 1 and day 2 for M. persicae and S. 
avenae) are used in feeding bioassays. Feeding chambers were maintained under the same 










2.16.1 Aphid liquid diet (Kunkel 1976; Prosser and Douglas, 1992) 
Stock solutions of amino acids, vitamins and minerals were prepared in advance and stored at -
20°C until required. 
Vitamin Stock:   
Vitamin Weight in mg 
Biotin 0.1 
Patnothenate 5 
Folic acid 2 





Dissolved in 5 mL distilled water and separated into 500µl aliquots. 
Amino acid stock (150mM):   
Amino Acid: Weight in mg 
Alanine 50.8 
Asparagine 213.9 
Aspartate/Aspartic acid 189.7 
Cysteine 42.5 





















Dissolved in 50 mL distilled water and separated into 5 mL aliquots. 
Mineral stock:   





Dissolved in 10 mL distilled water and separated into 500µl aliquots. 
 
When the diet was to be prepared, the stock solutions of amino acids, minerals and vitamins 
were thawed. 5 mL of amino acid stock was mixed with 100µl mineral stock and 500µl vitamin 
stock. The sucrose mix was prepared fresh on the day as follows and added to the above mixture: 
 Ascorbic acid  10mg 
 Citric acid  1mg 
 MgSO4.4H2O  20mg 
 Sucrose   1.7g (500mM) 
150mg K2HPO4.3H2O was dissolved in 1 mL sterile distilled water and was added to the diet. The 
pH of the mixture was confirmed at approximately 7.0, using indicator paper. Volume was made 
up to 8 mL by adding distilled water, if needed. The diet was then filter sterilised using a 0.2 µm 
filter and stored at -20 °C until required. 
 
When ready for use 20 µl of PBS or PBS containing recombinant protein was added to 80 µl, to 
a total volume of 100 µl of mixed diet. 
 
2.17 Aphid oral toxicity assays 
The protein of interest dissolved in PBS was incorporated into the aphid diet to a number 
of different final dietary concentrations. A layer of parafilm was stretched over a 3 cm diameter 
feeding chamber, 25 µl of diet with the protein of interest was placed on top and another layer 
of parafilm was stretched over the top to sandwich the diet, simulating a leaf. The nymphs of 
the species of interest were removed from the artificial diet where they were produced and 
gently placed onto the parafilm of an upturned feeding chamber using a clean, soft paintbrush. 
The aphids were given time to settle, then the chamber was righted making sure no gaps were 





present around the base of the feeding chamber. Survival was assessed daily throughout the 
assay and the feeding chamber and diet replaced every 48 hours. The assay was ended when 
one condition began producing nymphs.  
 
2.18 Aphid fecundity assays 
Using the same aphis as the oral toxicity assay, any treatments which had surviving adult 
aphids were maintained, nymphs were counted daily and diet was changed every 48 hours as 
before until day 16. The number of adult aphids at the beginning were recorded and the number 
which developed wings was recorded. Average nymphs per non-winged adult was calculated 
and used as a measure of fecundity. 
2.19 Aphid free choice feeding assays 
Free choice feeding assays were performed similarly to the oral toxicity assays. 
PAF/GNA, PAF or GNA at equal molar concentrations (16 nmol mL-1) and a control diet were 
placed on 3 cm parafilm covered feeding chambers, so the diets did not mix. Twenty nymphs 
aged day 1 A. pisum or day 1 and 2 M. persicae were placed in-between the two diets gently 
using a soft paint brush. After 24 and 48 hours the number of nymphs present on each diet was 
counted only nymphs within the visible diet circle were feeding. Aphids which were not feeding 
were discarded. Welch’s t-test was used for statistical analysis of 6 reps for each protein and 
species. 
 
2.20 Aphid total soluble protein extraction 
Aphid total soluble protein extractions were performed by placing aphids into a 
microcentrifuge tube and snap freezing aphids by immersion of the tube in liquid nitrogen. After 
freezing 2.5 µL if ice-cold PBS was added to the tube per aphid, and they were homogenised by 
hand using a mini pestle, then incubated on 1ce for 15 minutes. The homogenates were then 
centrifuged at 4 °C for 20 minutes at 16000 x g, the supernatant was collected as the soluble 
protein fraction.  
2.21 Aphid gut dissection  
Aphid guts were dissected by submerging live adults in ice-cold PBS, fine tip forceps were 
used to grasp the head and abdomen of the insect. Gently the head was separated from the 
body, leaving only the gut tissue connecting the head and main body. The gut was gently 
separated from the head and the body with the fine forceps. The same process was performed 
with the body by grasping the hindgut and gently pulling away from the body. 






2.22 Conjugation of recombinant proteins with fluorescein isothiocyanate. 
Recombinant PAF/GNA, PAF, GNA and ovalbumin (control) were fluorescently labelled 
with a 2:1 molar excess of fluorescein isothiocyanate (FITC, Sigma-Aldrich, St. Louis, USA). 
Recombinant proteins were resuspended in 1 mL in 500 mM carbonate buffer pH 9.0 to a 
concentration of 2 mg mL-1 and centrifuged to bring any insoluble particulate to the bottom of 
the tube. The supernatant was transferred to a clean microcentrifuge tube then incubated with 
2 times the proteins molar concentration of FITC (1 mg mL-1 DMSO) with rotation for 4 h at RT, 
under dark conditions. Samples were then dialysed in darkness against phosphate buffered 
saline (PBS pH 7.4) at 4 °C at a ratio of 200:1 (buffer:sample) to remove any excess unbound 
FITC.  
 
2.23 Fluorescence microscopy 
The gut was dissected from A. pisum as described in section 2.21, after day 5 nymphs 
had fed for 24 hours on artificial diet containing either 8 nmol mL-1 of either PAF/GNA, PAF, GNA, 
ovalbumin (5 nmol mL-1) or control (no protein) diet with propidium iodide (100 ng µL-1, 
counterstain) and subsequently chased with artificial diet and propidium iodide for either 24 or 
48 hours. Following dissection guts were mounted directly onto glass slides in Vectashield H-100 
and overlaid with glass coverslips. Guts were visualised using a Zeiss 880 confocal laser scanning 
microscope. Setting were as follows: Objective Plan-Apochormat 20x/0.8 M27; FITC excitation 
and image capture: 488 nm laser (0.5 % power), wavelengths collected between 493-572 nm, 
gain 575; Propidium iodide excitation and image capture: 543 nm laser (1.5 % power), 
wavelengths collected between 584-735 nm, gain 800.  
 
2.24 Measuring average fluorescence using FIJI 
To quantify the fluorescence in each treatment a minimum of 6 guts from each condition 
were imaged utilising the same laser and image settings. The outline of the propidium iodide 
counterstain was traced in FIJI, an ImageJ based analysis software and the intensity of the green 
channel measured using the pixel intensity measuring tool in the base software package 
(Schindelin et al., 2012; Schneider et al., 2012). The mean intensity of the traced area was then 
averaged, and the standard error calculated. Unpaired T-tests with Welch’s correction were 
performed to determine significant difference compared to the PAF/GNA condition (p values of 
< 0.05 were considered significant). 





Chapter 3 |Production, purification and efficacy of recombinant PA1b 
based fusion proteins 
3.1 Introduction 
This chapter focuses on attempting to produce high purity recombinant pea albumin – 
GNA fusion protein (PA1b/GNA) under native conditions to confirm preliminary bioassay data 
obtained by Dr Prashant Pyati that suggested that fusion of the pea albumin toxin peptide 
(PA1b), to Galanthus nivalis agglutinin (GNA) had substantially enhanced oral activity as 
compared to PA1b alone. However, Dr Pyati had encountered numerous problems in the 
production of high quality recombinant PA1b/GNA and preliminary bioassays were conducted 
using low purity fusion protein. A number of different approaches taken in an attempt to 
facilitate the recovery of good quality PA1b/GNA with the ultimate goal of substantiating 
preliminary bioassay results are reported in this chapter.  
Pichia pastoris was selected as the expression organism, as previous attempts to express 
PA1b in Escherichia coli were unsuccessful (Dr Pyati, unpublished results). Furthermore, P. 
pastoris is easily genetically modified, and as a eukaryotic organism it is capable of post-
translational modifications which allow the formation of disulphide bridges, of which PA1b has 
three (Jouvensal et al., 2003). It can also be grown to high cell densities using inexpensive media 
under highly controlled conditions, recombinant protein expression levels of over a gram per 
litre have been recorded in the literature and due to the S. cerevisiae α-factor secretory signal, 
the recombinant proteins are exported to the culture medium, avoiding the need for cell lysis 
prior to protein purification (Macauley-Patrick et al., 2005).  
 
3.2 Constructs of recombinant PA1b and GNA fusion proteins: PA1b/GNA, 
GNA/PA1b, PA1b/EL/GNA (EL), PA1b/EL/GNA/7xH (7xH) and 
Strep/PA1b/EL/GNA 
 Gene fragments encoding PA1b and GNA proteins were codon optimised for expression 
in P. pastoris and synthesised commercially (ShineGene). The appropriate restriction sites or 
modifications were added by polymerase chain reaction (PCR) site directed mutagenesis. The 
PCR products were restricted and subsequently ligated into pGAPzαB (pGAPzαA for GNA/PA1b) 
in frame with the α-factor secretory signal. The initial PA1b/GNA expression construct 
(previously generated by Dr Pyati) and four new fusion protein constructs are described: (1) 
GNA/PA1b where the PA1b toxin sequence is linked to the C- (rather than N-) terminus of GNA 
and the histidine tag is located at the N- (rather than C-) terminus , (2) PA1b/EL/GNA that 
encodes a longer linker region (Gly-Gly-Gly-Ser-Ala-Ala-Ala) as compared to the original 
PA1b/GNA expression construct  (3) PA1b/EL/GNA7xH that contains an additional C-terminal 





histidine residue  and (4) Strep/PA1b/EL/GNA  that contains an N-terminal Strep tag sequence 
replacing the original C-terminal his-tag.  The nucleotide and deduced amino acid sequences 
from sequenced constructs are shown in Figures 3.1-3.5.  






Figure 3.1  PA1b/GNA nucleotide and derived amino acid sequence from a sequenced 
expression construct generated by Dr Pyati. PA1b (purple), GNA (blue), his-tag (yellow). Bold: 
Restriction sites used in cloning. Predicted Mw of polypeptide: 16.5 kDa. Predicted pI: 5.78. 
 
 






Figure 3.2 GNA/PA1b nucleotide and derived amino acid sequence, from a sequenced 
expression construct; PA1b (purple), GNA (blue), his-tag (yellow). Bold: Restriction sites used in 
cloning. Predicted Mw of polypeptide: 16.5 kDa. Predicted pI: 5.73. 
  






Figure 3.3 PA1b/EL/GNA nucleotide and amino acid sequence, from a sequenced expression 
construct. PA1b (purple), GNA (blue), his-tag (yellow). Bold: Restriction sites used in cloning. 
Predicted Mw of polypeptide: 17.3 kDa. Predicted pI: 5.33. 
 
 






Figure 3.4 PA1b/EL/GNA7xH nucleotide and amino acid sequence, from a sequenced 
expression construct. PA1b (purple), GNA (blue), his-tag (yellow). Bold: Restriction sites used in 
cloning. Predicted Mw of polypeptide: 17.5 kDa. Predicted pI: 5.51. 






Figure 3.5 Strep/PA1b/GNA nucleotide and amino acid sequence, from a sequenced 
expression construct. PA1b (purple), GNA (blue), strep-tag (red). Bold: Restriction sites used in 
cloning. Predicted Mw of polypeptide: 17.4 kDa. Predicted pI: 4.81. 
 
  





3.3 Analysis of PA1b/GNA  
Prior to this project Dr Pyati had produced PA1b/GNA in P. pastoris, using a labour-
intensive purification process (see section 2.8.2) that was only able to generate small amounts 
of relatively low-quality fusion protein. Lyophilised PA1b/GNA samples were a dark green sticky 
powder as opposed to white and fluffy as is typically observed in our laboratory. These samples 
did not dissolve well in PBS and pellets were observed after re-suspended samples were clarified 
by centrifugation in preparation for analysis by sodium dodecyl sulphate polyacrylamide gel 
electrophoresis (SDS-PAGE). As shown in Figure 3.6, two major proteins corresponding to the 
predicted mass of 16.5 kDa for PA1b/GNA were visual in SDS-PAGE gels stained for total proteins 
although several contaminating proteins are also present. Both major proteins were subject to 
tryptic digestion and peptide fragments were analysed by LC-MS to determine if either or both 
contained the predicted amino acid sequence for PA1b/GNA. As depicted in Figure 3.7 B and C 
both proteins contained all predicted residues indicating that both were full length products. 
The difference in mass between the bands could be due to differential glycosylation. Differential 
mass on SDS-PAGE has been observed previously with the GNA fusion protein PI1a/GNA, 
PNGase F treatment of PI1a/GNA resulted in a single band when analysed by SDS-PAGE 
confirming the differential mass was due to glycosylation (Yang et al., 2014). The activity of the 
GNA component of the fusion protein was tested for its ability to agglutinate rabbit erythrocytes, 
but as  shown in Figure 3.8, PA1b/GNA did not display any agglutination activity. Finally, the 
insecticidal activity of this PA1b/GNA sample was tested against A. pisum in an aphid feeding 
assay.  As shown in  Figure 3.9Error! Reference source not found., control survival was 90 % by 
day 6 of the assay whereas PA1b/GNA at a final dietary concentration of 0.05 mg mL-1 caused 
100 % mortality after 4 days of feeding. This was in comparable to results recorded previously 
by Dr Pyati (unpublished). Given the lack of evidence for GNA functionality together with the 
presence of contaminating proteins  an alternative production strategy for PA1b/GNA was 
sought. It was hypothesised that poor recovery from fermented culture supernatants was 
related to the low pH (4.5-5.5) of samples loaded onto affinity columns and that binding and 
hence recovery may be enhanced if samples were loaded at a pH above the isoelectric point (pI) 
of the protein (pI: 5.78).  






Figure 3.6 SDS-PAGE (A) and western blot (B) analysis analysis of PA1b/GNA. A: Poly acrylamide 
gel stained for total protein with Coomassie brilliant blue. B: Western blot of resuspended 
PA1b/GNA probed with anti-his antibodies. Position of protein marker mix (Thermo) run on the 
same gel is stated on the left-hand side. The arrow indicates the predicted protein mass.  
 
 
Figure 3.7 Primary structure and LC-MS data from the PA1b/GNA 16 kDa and 15 kDa bands on 
SDS-PAGE. A: Predicted primary structure of the recombinant protein expressed by transformed 
P. pastoris cells. The alpha factor secretory signal is depicted in red, PA1b in purple, PA1a in 
green, GNA in blue and the his-tag in yellow. Remaining residues are the result of the cloning 
process for the expression construct. B and C show the detected peptides from both bands. 
Colours denote the confidence with which each peptide sequence was matched to the expected 
sequence: Black = not detected, Green = high, Yellow = medium, Red = poor. 






Figure 3.8 Agglutination assay to detect function of the GNA subunit of PA1b/GNA. Protein 
was serially diluted and incubated with a 2 % (v/v) rabbit erythrocyte solution. After 2 hours the 
plate was imaged to determine the lowest concentration at which GNA can crosslink rabbit 
erythrocytes. PBS was used as a negative control and recombinant GNA and Commercial (Sigma-
Aldrich, St. Louis, USA) GNA were included as positive controls. Agglutinated or crosslinked cells 
display an even red colour in the well whilst non-agglutinated cells settle to the bottom of the 
plate and form  a visible dark red pellet. 
 
 
Figure 3.9 Survival of A. pisum fed on artificial diet containing recombinant PA1b/GNA. 
Purified recombinant protein re-suspended in PBS was incorporated into artificial diet to give 
final PA1b/GNA concentrations of 0.05 mg mL-1, and 0.025 mg mL-1, the control treatment 
consisted of the diet with an equivalent volume of PBS to that present in the protein treatments. 
N=2.  
  





3.4 Expression and purification of PA1b/GNA from different fermentation media 
The PA1b/GNA yeast expression clone created by Dr Pyati was used in benchtop 
fermentation experiments using different media, namely basal salt (BSM), yeast peptone 
glycerol medium (YPG), and buffered Glycerol-complex medium (BMGY)  at pH 4.5, pH 6.5 and 
pH 6, respectively (sections 2.6). Culture pH was maintained by the addition of 17.5% ammonia 
and glycerol was used as a carbon source in all fermentations. As a result of the α-factor 
secretory signal all protein was secreted into the growth medium. Expression level was 
estimated by comparison of culture supernatant and known protein standards, by western 
blotting for all three fermentation media using anti-GNA antibodies.  
The results of the expression analysis are shown in Figure 3.10. Two immunoreactive 
proteins were present at approximately 15 kDa and 16 kDa in all supernatants when analysed 
by western blots probed with anti-GNA antibodies. The predicted mass of PA1b/GNA is 16.5 kDa. 
The final expression level of PA1b/GNA in BSM was estimated at 40 mg L-1 and  a lower 20 mg L-
1 in YPG, but the protein content seems to have peaked at 48 hours post inoculation, and as 
there is no evidence for GNA-immunoreactive degradation products, this suggests that the cells 
stopped replicating, although wet pellet weights were not recorded. In BMGY the expression 
level was estimated at 25 mg L-1.  
Clarified culture supernatants were obtained by centrifugation and filtration of 
fermented cultures, and proteins were then loaded onto nickel affinity chromatography 
columns (Section 2.8.1). Purification fractions were analysed to determine if the use of different 
fermentation media with different pHs influenced the binding efficiency of PA1b/GNA to nickel 
matrices. PA1b/GNA fermented in BSM was purified following the purification protocol 
developed by Dr Pyati, section 2.8.2, as previous work shows purification following the standard 
protocol was not viable and resulted in precipitation of the purified protein during dialysis. After 
initial purification under native conditions the remaining protein was purified under denaturing 
conditions, as it was noted that its binding efficiency to the column was poor and much protein 
was lost during washing under native conditions, the addition of 6 M urea to the culture 
supernatant remedied this issue (Figure 3.11). The remaining two fermentations were purified 
following the standard protocol (section 2.8.1). No protein was visible in the flow through from 
the BMGY supernatant, and protein was eluted in the 200 mM imidazole fraction (Figure 3.11). 
Approximately 50 % of the protein visible in the YPG supernatant bound to the column under 
native conditions; and no protein was lost in the washing steps unlike with BSM. Protein present 
in the BMGY appeared to bind the most efficiently to the nickel columns under native conditions.  
 







Figure 3.10 Expression levels of PA1b/GNA fermented in BSM  (upper left), BMGY (upper right) 
and YPG (bottom). Western blot probed with anti-GNA antibodies of fermented culture 
supernatant (SUP) expressing PA1b/GNA. GNA: recombinant GNA standards loaded at the 
quantity stated. The culture supernatant was loaded in each land at the volume stated. In blot 
C lane labels denote the time at which that sample was removed from the fermenter. Position 
of protein marker mix (Thermo) run on the same gel is stated on the left-hand side. The arrow 













































Figure 3.11 Purification profiles of PA1b/GNA from BSM (A), YPG (B) and BMGY (C). Western 
blots were probed with anti-GNA antibodies. A: Comparison of fractions from fermentation 
using BSM under native and denaturing conditions, 20 µL was loaded per lane for native 
purification, and equivalent volumes were loaded for denaturing purification. B: Purification 
fractions of PA1b/GNA purified from fermentation using YPG medium. C: Purification fractions 
from fermentation using BMGY medium. SUP: Supernatant, FT: flow-through, W1: binding 
buffer, W2: binding buffer + 10 mM imidazole, E: binding buffer + 200 mM imidazole. GNA: 
recombinant GNA standards quantity stated above the lane. Volumes of fraction loaded is stated 
above the lane for blot B and C. Position of protein marker mix (Thermo) run on the same gel is 
stated on the left-hand side. The arrow indicates the expected protein mass.  
 
  





The PA1b/GNA containing peak fractions were collected, de-salted by dialysis against 
water at 4 °C overnight, and freeze-dried. In the case of the BSM fermentation the peak fractions 
eluted under denaturing conditions were dialysed against a decreasing urea concentration 
gradient. The ratio of fusion protein to lyophilised powder was estimated semi-quantitatively by 
comparison on SDS-PAGE with commercial GNA standards, the quantification results are shown 
in Figure 3.12. There was no soluble PA1b/GNA present in the lyophilised powder derived from 
peaks eluted under denaturing conditions (and using BSM fermentation medium). However, 
protein was detected when the pellet from PBS resuspension/centrifugation was resuspended 
in SDS loading buffer and loaded on SDS-PAGE suggesting that the little protein that was present 
failed to re-fold during dialysis. In the lyophilised powder derived from the YPG fermentation 
the proportion of PA1b/GNA was 2 % (w/w); when stained for total protein a second major band 
at approximately 40 kDa is visible and there was background visible in the lane suggesting 
contamination. The estimated proportion of PA1b/GNA in the lyophilised powder from the 
BMGY fermentation was 15 % (w/w), however again many other proteins were present.  The 
total protein recovered from the YPG and BMGY fermentation runs was 0.6 mg and 5 mg 














































Figure 3.12 Quantification of purified and lyophilised PA1b/GNA samples fermented in BSM 
(A), BMGY (B) and YPG (C). Coomassie brilliant blue stained SDS-PAGE gels. Quantity of 
lyophilised powder and commercial GNA standards are stated above the lanes in micrograms. 
Position of protein marker mix (Thermo) run on the same gel is stated on the left-hand side. The 










3.5 Expression and purification of GNA/PA1b, PA1b/EL/GNA, PA1b/EL/GNA7xH 
and Strep/PA1b/GNA  
Sequence confirmed plasmid DNA for each construct was linearized by BlnI and 
transformed into protease deficient P. pastoris SMD1168H cells, and transformants were 
selected on zeocin containing plates. Colonies were screened for the expression of recombinant 
proteins by growing in 10 mL YPG shake flasks for 48 – 72 hours at 30 °C and western blot analysis 
(anti-GNA or anti-His antibodies) of culture supernatant samples. Results of one of the 
expression screens are shown in Figure 3.13. 
No immunoreactive bands were present in any of 40 clones screened for the expression 
of GNA/PA1b, despite screening of colonies obtained from two different yeast transformations 
(Figure 3.13, example of one of the screens). Integration of the recombinant gene in to the P. 
pastoris genome was confirmed by yeast genomic DNA extraction followed by PCR using 
expression vector-specific primers. PCR products were detected at the expected mass 870 bp, 
470 bp fusion protein + 400 bp from vector-specific primers) in two of the four randomly 
selected transformants Figure 3.14, Section 2.5). This suggests that, despite successful 
integration of the expression cassette into the yeast genome, the yeast cells were unable to 
express the fusion protein when the toxin was linked to the C-terminus of GNA.  By contrast, 
immunoreactive bands of approximately 18 kDa (close to predicted masses) were detected in a 
small number of screened PA1b/EL/GNA and PA1b/EL/GNA7xH transformants (Figure 3.15 A 
and B). Expression screening of Strep/PA1b/GNA transformants detected only one transformant 
expressing an immunoreactive protein at approximately 16 kDa, 1.5 kDa below the expected 
mass of this protein (Figure 3.15C). PA1b/EL/GNA and Strep/PA1b/GNA both appeared as single 
bands on western blots suggesting minimal cleavage of the fusion protein by yeast proteases. 
PA1b/EL/GNA7xH clones showed the presence of two immunoreactive bands, albeit of low 
intensity, of similar to predicted masses in clone 4 and clone 10. The presence of the purification 
tag was confirmed using tag specific antibodies (not shown). The best expressing clones were 
selected for benchtop fermentation which was conducted in a 7.5 L bioreactor following set 










Figure 3.13 Screening of small-scale yeast cultures for GNA/PA1b expression. Western blot 
(anti-GNA antibodies) screening to select a GNA/PA1b expressing P. pastoris SMD1168 clone. 
Individual colonies were inoculated into 10 mL YPG flasks with 100 μg mL-1 zeocin, incubated for 
72h at 30 °C with shaking. Cultures were centrifuged and individual culture supernatant (25 μL) 
was loaded in each lane (1-10). GNA 200 ng was included as a positive control. Position of protein 
marker mix (Thermo) run on the same gel is stated on the left-hand side. The arrow indicates 





Figure 3.14 Yeast colony PCR to confirm the transformation of P. pastoris colonies. The 
numbers represent randomly selected colonies which had previously been found not to express 
GNA/PA1b but grew well in selective media. + depicts the positive controls, gDNA was a yeast 
clone known to express PA1b/GNA, plasmid was His/GNA/Omega/pGAPzαB, a negative control 
was PCR reaction without yeast gDNA. All reactions used the same primers Forward: pGAP fwd, 
Reverse: AOX 3’ rev. Position of DNA marker mix, Hyperladder 1 kb (Bioline) run on the same gel 










































Figure 3.15 Western blot screening (anti-GNA antibodies) of small-scale P. pastoris SMD1168 
cultures for the expression of A: PA1b/EL/GNA, B: PA1b/EL/GNA 7xH, C: Strep/PA1b/GNA. 
Individual colonies were inoculated into 10 mL YPG flasks with 100 μg mL-1 zeocin, incubated for 
72h at 30 °C with shaking. Cultures were centrifuged and individual culture supernatant (25 μL) 
was loaded in each lane (1-10). GNA 200 ng was included as a positive control. Position of protein 
marker mix (Thermo) run on the same gel is stated on the left-hand side. The arrow indicates 
the expected protein mass.  
 
  





Wet pellet weights were monitored every 24 hours throughout fermentations and in all 
three constructs cell density increased throughout the fermentation (Table 3.1). Expression 
levels throughout the fermentation runs were estimated semi-quantitatively using western 
blotting as described previously. The results are displayed in Figure 3.16. PA1b/EL/GNA showed 
two immunoreactive bands at approximately its predicted molecular weight, contrary to the 
single band detected during the expression screening and its final expression level was 
estimated to be 30 mg L-1 culture supernatant. The expression level of PA1b/EL/GNA 7xH was 
estimated to be approximately 40 mg L-1 based on a single immunoreactive band, which may 
actually be two overlapping bands as seen in the screening blot Figure 3.15A. Finally, for 
Strep/PA1b/GNA a single immunoreactive band was present in the supernatant, and the final 
expression level was estimated to be  20 mg L-1 culture supernatant. The two bands observed in 
PA1b/EL/GNA when fermented contrast with what was observed in the expression screening 
Figure 3.15, suggesting processing akin to what was observed in PA1b/GNA for this protein 
construct. 





Table 3.1 Wet pellet weights recorded for different PA1b fusion proteins grown in basal salt 
medium. 
 PA1b/EL/GNA 7xH Strep/PA1b/GNA 
Time 
(Hours) 
Wet Pellet weight (mg) Wet Pellet weight (mg) Wet Pellet weight (mg) 
Inoculant 78.0 63.6 39.1 
0 22.7 31.6 12.8 
24 165.3 98.1 104.8 
48 280.0 287.0 355.6 























Figure 3.16 Expression levels of PA1b/EL/GNA (A), 7xH (B) and Strep/PA1b/GNA (C).  Western 
blot probed with anti-GNA (A and B) and anti-Strep (C) antibodies of fermented culture 
supernatant expressing PA1b/EL/GNA (A), 7xH (B) and Strep/PA1b/GNA (C). GNA: recombinant 
GNA standards loaded at the quantity stated. The culture supernatant was loaded in each land 
at the volume stated. Position of protein marker mix (Thermo) run on the same gel is stated on 
the left-hand side. The arrow indicates the expected protein mass.  





With the exception of Strep/PA1b/GNA which was purified using a strep-tactin affinity 
chromatography (section 2.9) all proteins were purified using nickel affinity chromatography. 
The different purification fractions were collected and analysed by western blot with anti-GNA 
antibodies or SDS-PAGE to assess column binding efficiency and these results are shown in 
Figure 3.17Error! Reference source not found.. PA1b/EL/GNA showed little difference in 
intensity between the immunoreactive band in the supernatant and the flow through, a similar 
pattern was observed for PA1b/EL/GNA 7xH. To test if this was due to the availability of the tag 
for binding to nickel a small portion of supernatant from the PA1b/EL/GNA7xH fermentation 
was purified under denaturing conditions (addition of 6 M urea to all buffers) and purification 
samples were again analysed by western blotting. As shown in Figure 3.18 a small decrease in 
immunoreactivity of the fusion protein was observed in the flow through and wash samples 
collected during purification under denaturing conditions as compared to equivalent samples 
collected during native purification. In addition, a small increase in immunoreactivity of the 
fusion protein is observed in the elution sample collected under denaturing conditions as 
compared to the equivalent native elution peak fraction (Figure 3.18). This suggests that even 
when the fusion protein was unfolded (i.e. denatured) and an additional histidine residue was 
incorporated into the final protein product that the interaction with nickel matrices was poor.  
Poor recovery from culture supernatants is thus more likely to be attributable to relatively low 
pH of the loaded samples preventing strong binding of the recombinant protein to the nickel 
matrix.   
Elution fractions collected from Strep/PA1b/GNA purification when analysed by SDS-
PAGE, showed the presence of a faint protein band at the expected mass of 17.3 kDa (Figure 
3.17).  However, as for PA1b/GNA, very little protein appears to have bound to the column as 
the 17.3 kDa protein is present in similar quantities in loaded and flow through fractions and is 
similar abundance to the loaded sample. No visible protein was lost in the washing steps, and 
protein was detected in both elution 1 and 2 suggesting some of the expressed protein was 
binding to the column (Figure 3.17). Optimisation of this purification protocol suggests that poor 
column binding is unlikely due to pH (data not shown), therefore is likely due to tag availability, 
as with PA1b/GNA and PA1b/GNA 7xH. However, there was no possibility to attempt strep-
tactin purification of  Strep/PA1b/GNA under denaturing conditions as the purification strategy 




































Figure 3.17 Purification fractions of PA1b/EL/GNA (A), PA1b/EL/GNA7xH (B) and 
Strep/PA1b/GNA (C). Western blots (A and B) probed with anti-GNA antibodies; Coomassie 
stain (C) of fermented culture supernatant expressing Strep/PA1b/GNA; SUP: Supernatant, FT: 
Flow through, W1: 1 x binding buffer, W2: 1 x binding buffer + 10 mM imidazole, E:1 x binding 
buffer + 200 mM imidazole, GNA: recombinant GNA standards (quantity in ng stated above 
lanes). Position of protein marker mix (Thermo) run on the same gel is stated on the left-hand 
side. The arrow indicates the expected protein mass.  
 






Figure 3.18 Comparison of purification fractions of PA1b/EL/GNA7xH under native and 
denaturing conditions. Western blot probed with anti-GNA antibodies. Numbers depict volume 
of supernatant loaded in microlitres. SUP: Supernatant, FT: Flow through, W1: 1 x BB + 10 mM 
imidazole, W2 1 x BB + 200 mM imidazole. GNA: recombinant GNA standards, quantity in ng 
stated above the lane. Position of protein marker mix (Thermo) run on the same gel is stated on 









 The protein content in lyophilised samples was estimated by comparison of staining 
intensity of recombinant proteins (of known powder weight) on Coomassie stained gels with 
commercial GNA standards of known concentration. As shown in Figure 3.19, lyophilised 
PA1b/EL/GNA and PA1b/EL/GNA7xH samples contained relatively high amounts of 
contaminating proteins in gels stained for total protein and the amount of fusion protein present 
(considering both 17.3 and 17.5 kDa proteins shown to be immunoreactive with anti-His and 
anti-GNA antibodies) was estimated to be 6 % and 2 % (w/w), respectively. The total protein 
recovered from  3 L of supernatant of PA1b/EL/GNA and PA1b/EL/GNA 7xH was 3.4 mg and 0.7 
mg, respectively. Strep/PA1b/GNA was also estimated to contain 2 % (w/w) total protein, but 
this sample was relatively pure containing only 1 major contaminating protein (approximately 
45 kDa) in the lyophilised powder; 1 mg of Strep/PA1b/GNA was recovered  from 3 L of culture 
supernatant after purification.  The estimated recovery of each protein from culture 
supernatants was 3.7 %, 0.5 % and 1.6 % for PA1b/EL/GNA, PA1b/EL/GNA 7xH and 
Strep/PA1b/GNA respectively. Recovery was considerably lower than for PA1b/GNA produced 
in BMGY (8 %), but in the case of Strep/PA1b/GNA the protein recovered had greater purity.  
 
3.6 Biological activity of Strep/PA1b/GNA 
 In order to elucidate the sequence of the two proteins present in the purified 
Strep/PA1b/GNA fraction the 45 kDa and 17 kDa bands were excised from an SDS-PAGE gel,  
trypsin digested, and analysed by LC-MS. The 17 kDa molecular band was identified as full length 
Strep/PA1b/GNA with a correctly processed N-terminus and an N-terminal Strep tag sequence 
(Figure 3.20). The high molecular weight band contained a complex mixture of P. pastoris 
proteins with the major protein identified as a cell wall protein with similarities to glucanases 
(accession number: C4QVL7_KOMPG), from Komagataella spp. (syn Pichia spp.). No similar 
sequences to the strep-tag II (WSHPQFEK) were observed in the identified protein.    
Strep/PA1b/GNA was fed to A. pisum to determine if its insecticidal activity was 
comparable to that observed for PA1b/GNA. Strep/PA1b/GNA was fed at 7 different dietary 
concentrations between 0.4 and 0.006 mg mL-1. The range of concentrations selected were 
chosen as they encompassed the higher concentrations for which toxicity was observed for 
PAF/GNA (Chapter 6) to the lowest concentrations which toxicity was observed for PA1b/GNA. 
As shown in Figure 3.21, Control survival 93 % on day 7. Complete mortality was observed for 
Strep/PA1b/GNA fed aphids  at concentrations of 0.4 mg mL-1 and 0.2 mg mL-1 on day 3 and 4, 
respectively. Lower concentrations of Strep/PA1b/GNA resulted in reduced survival as 
compared to the control but did not achieve complete mortality by day 7. The LC50 for 





Strep/PA1b/GNA was calculated at 0.1169 mg mL-1. Only the two highest doses, 0.4 and 0.2 mg 







































Figure 3.19 Quantification of PA1b/GGGS/GNA (A), 7xH (B) and Strep/PA1b/GNA (C). 
Coomassie brilliant blue stained SDS-PAGE gels (17.5% acrylamide) of recombinant PA1b/GNA 
after purification by nickel or streptactin affinity chromatography, lyophilisation and 
resuspension in PBS. Commercial GNA (Sigma-Aldrich, St. Louis, USA) was used as a known 
standard for comparison. Position of protein marker mix (Thermo) run on the same gel is stated 
on the left-hand side. The arrow indicates the expected protein mass.  
 







Figure 3.20 Primary structure and LC-MS data from the Strep/PA1b/GNA 17 kDa band on SDS-
PAGE. A: Primary structure of the recombinant protein expressed by transformed P. pastoris 
cells. The alpha factor secretory signal is depicted in red, PA1b in purple, GNA in blue and the 
strep-tag in yellow. Remaining residues are the result of the cloning process for the expression 
construct. Residues highlighted in grey were not detected in the 17 kDa band see (B). B: Peptide 
matches of the 17 kDa Strep/PA1b/GNA protein. 
 
 
Figure 3.21 Survival of day one A. pisum nymphs fed on artificial diet containing recombinant 
Strep/PA1b/GNA. Purified recombinant proteins re-suspended in PBS were incorporated into 
artificial diet to give final concentrations as shown. The control treatment consisted of the diet 
with an equivalent volume of added PBS. N = 2. 
 






In this chapter the findings of Dr Pyati based around protein toxicity to aphids were 
independently confirmed, but a lack of activity of the GNA subunit and lack of purity prompted 
investigation into other fermentation methods, different constructs and a different purification 
method. Approaches taken in an attempt to enhance binding of Pa1b/GNA to nickel matrices 
included fermentation using different media in order to produce protein containing culture 
supernatants at a higher pH, new expressions constructs encoding an extended a linker region 
and an additional histidine residue were generated in an attempt to enhance binding of protein 
to nickel matrices. Unfortunately, none of these approaches were successful in recovering good 
quality protein. Finally, a small quantity of a relatively clean PA1b/GNA sample was eventually 
produced based on fermentation of a new expression construct that contained a strep-tactin 
affinity tag allowing purification by strep-tactin affinity chromatography. This sample was found 
to have substantially reduced efficacy as compared to samples produced by Dr Pyati suggesting 
that contaminants present in early samples were responsible for the high levels of toxicity that 
were initially recorded.  
 Previous work by Dr Prashant Pyati, revealed that fusion of PA1b and GNA may confer 
vastly increased orally active towards aphids, with doses as low as 0.05 mg mL-1 resulting in 
complete mortality in as few as four days (unpublished data). However, the purification process 
was arduous, involving dialysis of the culture supernatant then lyophilisation, resuspension in 
buffer followed by purification under denaturing conditions, dialysis and lyophilisation. The 
resulting lyophilised powders had low percentages of impure recombinant protein. The findings 
of toxicity toward A. pisum were replicated by feeding assay, and the correct sequence of the 
fusion protein product was confirmed by LC-MS analysis. The level of toxicity of PA1b/GNA 
toward A. pisum was substantially higher than that observed for other GNA fusion proteins, 
approximately 15-fold more toxic than PI1a/GNA and Pro-Hv1a/GNA,  and much higher than 
reported in the literature for PA1b purified by reverse phase high purity liquid chromatography 
(HPLC) (Gressent et al., 2007; Yang, 2015; Yang et al., 2014). PA1b/GNA failed to agglutinate 
rabbit erythrocytes, suggesting that the GNA component of the fusion protein was non-
functional. Previous work has shown that the transport of GNA to the haemolymph after feeding 
is reliant upon the ability of GNA to bind to the insect gut epithelium (Fitches et al., 2001). 
Therefore, if GNA is not active, enhanced toxicity of the PA1b/GNA fusion protein would not be 
expected, as anchoring of the protein to, or transport across, the epithelial membrane is unlikely 
to occur. It was thus hypothesised that perhaps confounding factors may be responsible for the 
observed toxicity of PA1b/GNA towards A. pisum. The data presented in this chapter describes 





attempts to produce and purify a clean sample of a PA1b – GNA fusion protein. Once a relatively 
clean sample was produced the toxicity of that sample was assessed against A. pisum. A blank 
run control derived from performing the purification procedure on the supernatant of an 
untransformed yeast culture or a heat inactivated protein sample could have been used to 
confirm this hypothesis and should be tested the next time this particular issue and hypothesis 
is encountered. 
Initially PA1b/GNA purification was attempted in the same manner as described above 
(Section 2.8.2). When samples of culture supernatant were purified by nickel affinity under 
native or denaturing conditions poor binding efficiency was observed although binding 
appeared to be slightly better under denaturing conditions. Unfortunately, purification under 
denaturing conditions followed by re-folding via dialysis using urea gradient did not result in the 
production of soluble protein in lyophilised powders. As insoluble protein was detected in 
pellets from centrifuged samples it is likely that the protein failed to refold during dialysis against 
a decreasing urea gradient. Perhaps on-column re-folding could be utilised if this were to be 
attempted again. Failure of the PA1b peptide to refold is not surprising, as literature suggests 
that PA1b may be dependent on the second protein encoded by the PA1 gene, PA1a, in order 
to fold correctly. However, due to its greatly enhanced toxicity compared to previous GNA fusion 
proteins and the lack of bioactivity displayed by PA1a the construct work continued with fusion 
constructs containing only PA1b and GNA to determine if the toxicity observed was a real effect 
or a result of confounding factors (Chouabe et al., 2011; Eyraud et al., 2013, Pyati - unpublished 
data) Constructs which contain PA1b and PA1a are examined in Chapter 5 and 6. Similarly, 
recombinant GNA when expressed in E. coli accumulates as insoluble inclusion bodies and re-
folding by dialysis results in very low levels of recovery of folded, functional GNA (Fitches et al., 
2001). It is likely that poor binding to nickel affinity columns was due the protonated state of 
the histidine tag in relatively low pH (approximately pH 5.0) loaded culture supernatant samples. 
It is known that optimal interaction between nickel and histidine occurs when the his-tag is 
deproteinated and carrying a negative charge and thus coordination between the Ni2+ and the 
histidine is much more probable (Bornhorst and Falke, 2000). Furthermore, with a pI of 5.78, it 
is likely, even when present at low concentrations in purified samples, that PA1b/GNA was prone 
to precipitation during dialysis against distilled water where the pH is raised from below the pI 
of the protein to approximately pH 6.5.   
In an attempt to address issues pertaining to pI and pH, fermentations where cultures 
were grown at higher pHs were performed. Alternative media had to be used for higher pH 
fermentation as PTM1 salts, a key part of BSM, precipitate when fermentation media pH is raised 





above 5.0. YPG and BMGY media are both utilised for fermentation of recombinant proteins in 
P. pastoris (Potgieter et al., 2009) (section 2.6) were used to culture PA1b/GNA at pH 6.5 and 
6.0, respectively. In YPG medium low expression levels were observed and this low expression 
level led to low protein recovery and low purity of PA1b/GNA in lyophilised powders. A similar 
result was observed for fermentation in BMGY and whilst protein binding to the column was 
enhanced as compared to YPG, protein recovery was again poor, and this was likely to be due 
to precipitation during dialysis resulting in insoluble protein in the lyophilised powder. In 
addition to the protein of interest many extraneous were bands present in the final lyophilised 
powder.  Purification by nickel affinity from medium containing eukaryotic proteins has been 
shown previously to result reduced purity of the final sample (Lichty et al., 2005).  
The contamination observed in both fermentations is likely to do with the low protein 
content in the medium and poor column binding in combination with the yeast proteins present 
from the ingredients of the rich media. Normally the tagged protein should have a higher binding 
affinity for the nickel compared to non-tagged proteins, but given the low protein content and 
poor binding affinity of PA1b/GNA in the case of YPG fermented cultures together with the high 
binding capacity (40 mg mL-1) of 5 mL Ni-NTA columns it is likely that binding sites were freely 
available for low affinity proteins (Bornhorst and Falke, 2000; Kimple et al., 2013). Bornhorst 
and Falke (2000) further suggested that non-specific purification may occur due disulphide 
bridge formation or hydrophobic interactions between the protein of interest and proteins 
present in the medium, which would facilitate co-purification. PA1b has both a high proportion 
of cysteine residues (6) and the active site of PA1b has an exposed hydrophobic surface, and as 
such both of the above explanations may be feasible (Da Silva et al., 2010; Eyraud et al., 2013). 
Purification with a smaller volume column or with additives such as low concentrations of Triton 
X-100 or β-mercaptoethanol may have proved beneficial as they reduce hydrophobic interaction 
and prevent disulphide bridge formation, respectively. 
 As purification under native conditions was a key priority new expression constructs 
were produced. The initial construct was the PA1b/GNA fusion protein but in the reverse 
orientation, GNA/PA1b which would result in the his-tag being in a different position relative to 
the orientation of PA1b and it was thought that this may increase tag availability and hence 
binding to nickel columns. Unfortunately, transformed P. pastoris clones failed to express 
GNA/PA1b. The complete lack of expression was surprising as GNA-toxin fusion proteins, such 
as GNA/Hv1a were expressed in P. pastoris (Powell et al., 2019). 
As demonstrated previously issues pertaining to purification of PA1b/GNA were related 
to tag availability. Traditionally toxin – GNA fusion proteins have used a three alanine linker 





region (Fitches et al., 2004; 2012; Powell et al., 2019; Yang et al., 2014). A  new PA1b/GNA 
construct containing a flexible extended linker region was produced (gly-gly-gly-ser-ala-ala-ala) 
(PA1b/EL/GNA), based upon literature that suggests flexible linker religions allow correct folding 
of each subunit by increasing the space between the function proteins. It was also thought that 
an extended linker might serve to increase the distance between PA1b and the his-tag and 
prevent interaction. The GGGS linker has been shown to increase stability and folding along with 
biological activity of fusion proteins (Bai and Shen, 2006; Hu et al., 2004; Huston et al., 1988). 
PA1b/EL/GNA was expressed at comparable levels to PA1b/GNA when fermented in BSM. 
Recovery of this protein was poor (ca. 3.7 %) with contaminating proteins present in purified 
samples and this was again attributed to poor interaction between the his-tag and nickel 
columns.  
 As contamination and poor interaction with the columns were a continued issue a 
construct with an extended his-tag (7xH) was generated with the aim of improving binding 
efficiency. Previous work has shown that extension of the his-tag can improve the binding 
affinity of recombinant proteins without affecting function (Mohanty and Wiener, 2004). 
Expression of this construct was comparable to PA1b/GNA and PA1b/EL/GNA but unfortunately 
the extra histidine did little to improve binding to nickel columns and purity of the final sample 
was again poor.  
 Using the PA1b/EL/GNA construct as a template, a new construct incorporating an N-
terminal strep-tag was generated. Evidence suggests that strep-tag purification often provides 
increased purity as compared to his-tag purification, particularly from yeast cultures (Lichty et 
al., 2005), and this was indeed the case. However, poor binding of the recombinant protein to 
strep-tactin columns was observed and may, as for his-tagged PA1b/GNA protein again have 
been due to limited accessibility of the Strep tag preventing binding to strep-tactin columns. 
Unfortunately, this could not be tested as strep-tactin affinity purification relies on a protein – 
protein interaction so denaturing purification was not possible. When run on SDS-PAGE the final 
product was significantly cleaner than previous attempts, with only one contaminating 45 kDa 
protein. This was in line with findings in the literature that report higher levels of purity resulting 
from strep-tactin affinity purified proteins as compared to nickel affinity purified proteins (Fang 
and Ewald, 2004; Lichty et al., 2005). LC-MS analysis of digested protein bands confirmed 
expression of intact Strep/PA1b/GNA whereas the 45 kDa band was found to be a complex mix 
of P. pastoris proteins. As this was the cleanest sample of a PA1b – GNA fusion protein produced 
Strep/PA1b/GNA was supplied in diet to A. pisum to assess its oral activity.  





 When nymphs of A. pisum were supplied with Strep/PA1b/GNA it was not as active as 
the original samples of PA1b/GNA. The LC50 was calculated to be 6.2 nmol mL-1 on day 5 as 
compared to 3.0 nmol mL-1 (estimated from data produced by Dr Pyati) originally obtained for 
PA1b/GNA. When considering molar concentrations of PA1b present in PA1b/GNA  Despite 
reduced activity compared to initial samples of PA1b/GNA, Strep/PA1b/GNA was still more toxic 
to A. pisum than PA1b purified from seeds by HPLC. When 140 nmol mL-1 of HPLC purified PA1b 
was supplied in diet complete mortality occurred in six days as compared to the highest dose of 
Strep/PA1b/GNA tested, 23 nmol mL-1 which resulted in complete mortality after three days 
(Gressent et al., 2007). This evidence suggests that fusion of PA1b to GNA does increase toxicity 
compared to the PA1b alone. 
 The data in this chapter describes attempts to produce and purify – PA1b - GNA fusion 
protein under native conditions to provide pure and sufficient protein for further 
characterisation of insecticidal activity. This goal was unfortunately not achieved with this 
protein, despite the use of different fermentation media, the generation of new constructs 
containing extended linker regions and/or different purification tags. However, the production 
of sufficient  Strep/PA1b/GNA protein of high purity did allow determination of efficacy against 
pea aphids, confirming that the very high levels of toxicity observed in preliminary assays were 
not attributable to the fusion protein itself and were more likely to be due to the presence of 
high concentrations of carbohydrate or contaminating proteins. An alternate composition of this 
fusion protein, which includes the second peptide sequence from the PA1 gene cassette will be 
investigated in the subsequent chapters.
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Chapter 4 |Glucose or glycerol: alternative carbon sources for expression 
of Galanthus nivalis agglutinin (GNA) in Pichia pastoris. 
4.1 Introduction 
This study was prompted by issues encountered during the purification process of 
Galanthus nivalis agglutinin (GNA) and GNA based fusion proteins. As glycerol is fed continuously 
at an empirically determined rate that is increased manually throughout fermentation in bench-
top vessels there is a possibility of residual glycerol being present in the final fermented culture 
medium. It was suspected that excess glycerol in the medium could lead to difficulties during 
purification of the recombinant protein; the protein is exported to the medium post expression 
due to the α-factor secretory signal in the expression vector. Specifically, glycerol may be 
interfering with the interaction between the nickel and the 6xhistidine residue tag, reducing the 
binding affinity of the recombinant protein. However, peer-reviewed literature pertaining to the 
effect of glycerol on purification by nickel column chromatography is lacking. 
Pichia pastoris can grow on many carbon substrates. Glycerol, glucose and methanol are 
the most popular and widely used (Inan and Meagher, 2001). In this experiment, the 
glyceraldehyde-3-phosphate dehydrogenase (GAP) promoter was used to drive expression; 
therefore, methanol was discounted as it was not necessary for protein expression, and it is toxic 
and flammable. Glucose was selected in this instance as an alternative carbon source as it may 
have beneficial effects on recombinant protein expression level and does not affect the specific 
growth rate of P. pastoris fermentation (Waterham et al., 1997; Rebnegger et al., 2014; 
Prielhofer et al., 2015). Furthermore, it has a comparable metabolic pathway to glycerol unlike 
methanol; glycerol is catalysed by a number of enzymes to glyceraldehyde-3-phosphate, from 
which point it joins the glycolysis pathway and continues as glucose would (Vanz et al., 2012). 
GNA was selected as a candidate protein for this experiment as it is well characterised and has 
been produced in P. pastoris for many years, and is one of the proteins where problems with 
poor recovery from culture supernatant, due to inefficient binding to the nickel affinity columns 
were encountered (Baumgartner et al., 2003; Raemaekers et al., 1999).  
 
4.2 Expression construct for recombinant GNA 
The P. pastoris clone used to express GNA was produced by Dr Prashant Pyati. The 
sequence was codon optimised for P. pastoris expression and synthesised commercially 
(Shinegene). The construct was subsequently ligated into the pGAPzαB expression vector via PstI 
and SalI restriction sites. The DNA and derived peptide sequences from a sequenced clone are 
shown in Figure 4.1. 
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Figure 4.1 GNA nucleotide and derived peptide sequence from a sequenced expression 
construct. Generated by Sanger sequencing of a positive clone. GNA peptide sequence shown 
in blue and the 6xHis peptide sequence shown in yellow. Restriction sites are shown in bold. 
Predicted MW: 13.2 kDa. Predicted pI: 5.08. 
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4.3 Expression and purification of GNA fermented with different carbon sources 
The GNA expressing clone was inoculated for both fermentations into 3 x 100 mL flasks 
containing yeast peptone glycerol medium (YPG) and incubated at 37 °C for 72 hours. The two 
flasks with the best growth (assessed visually) were selected and inoculated into a 7 L benchtop 
bioreactor with basal salt medium (BSM). The protein was fermented under controlled 
conditions listed in section 2.6. The fed carbon source was modified, with 50 % (v/v) glycerol 
used in one instance and 50 % (w/v) D-glucose used in the other. The initial carbon source in the 
BSM was also adapted to which ever carbon source was fed in that fermentation. 
 Wet pellet weight was monitored throughout both fermentations as a proxy for cell 
growth (Table 4.1). Wet pellet weight increased throughout both fermentations. At time 0 wet 
pellet weights were 20.4 mg mL-1 and 15.3 mg mL-1 for glycerol and glucose, respectively, 
increasing to 321.7 mg mL-1 and 217.8 mg mL-1 after 72 hours of fermentation.  
 When the cell pellet was collected the supernatant was sampled and expression of 
protein was assessed in both fermentations by western blotting with anti-GNA antibodies. As 
shown in Figure 4.2, an immunoreactive band was visible at approximately 14 kDa in 
fermentation supernatants. This was 1 kDa greater than the predicated mass of GNA, likely as a 
result of glycosylation (Macauley-Patrick et al., 2005). Band intensity increased throughout both 
fermentations despite decreased loading volumes (to prevent overloading). Final expression 
level was estimated semi-quantitively by western blot, comparing the intensity of 
immunoreactive bands in the supernatant to standards of known quantity. The expression of 
GNA was approximately 100 mg L-1 when cultures were fed glycerol, and approximately 40 mg 
L-1 when fed glucose (Figure 4.2).  
 After 72 hours the culture was harvested, and the supernatant was separated from the 
cells by centrifugation and filtered to remove any remaining cells. The recombinant GNA was 
purified from glycerol and glucose fed culture supernatants by nickel affinity chromatography 
under identical conditions, following the protocol described in section 2.8. In this instance 450 
mL of each supernatant was loaded onto 2 x 5 mL HisTrap FF columns for 2 hours. All fractions 
were collected and analysed by western blot. In glycerol-fed samples (Figure 4.3Error! 
Reference source not found.A), the intensity of the immunoreactive band was similar in both 
the supernatant and the flow through, suggesting poor binding affinity to the nickel column. By 
contrast, GNA fermented in glucose-fed medium bound to the columns much more efficiently 
(Figure 4.3B); the flow through band intensity was substantially reduced compared to the 
supernatant. This indicates a potential detrimental effect of glycerol on nickel-histidine 
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interaction. GNA was detected in the eluted peak fraction of both fermentations but not the 10 
mM imidazole wash steps.  
Table 4.1 Wet pellet weight, from the production of recombinant GNA using glycerol or 
glucose as a carbon source. Sample was removed from the bioreactor every 24 hours after 
inoculation and then at the end of the fermentation process. 
 Glycerol Glucose 
Time (h) Wet pellet weight (mg mL-1) Wet pellet weight (mg mL-1) 
Inoculum 82.1 50.8 
0 20.4 15.3 
24 119.4 69.7 
48 314.5 216.7 















Figure 4.2 Western blot (anti-GNA antibodies), of culture supernatants from recombinant GNA 
Pichia pastoris fermented with glycerol (A) and glucose (B). Culture was removed from the 
bioreactor after inoculation and then every 24 hours until the end of the fermentation (72 
hours). Time points and volume loaded in microlitres are stated above the lanes. In: inoculum, 
SUP: Supernatant, GNA: recombinant GNA standards, quantity stated above the line in 
nanograms A: 50 % (v/v) glycerol used as a carbon source. B: 50 % (w/v) glucose used as a carbon 
source. The arrow indicates the expected protein mass.  
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Figure 4.3 Comparison of binding efficiency of GNA to Ni-NTA resin by western blot analysis 
using Anti-GNA antibodies. Loaded fraction and volume in microlitres are stated above the lane. 
SUP: supernatant, FT: Flow through, W1: 1xBB, W2: 1xBB + 10 mM imidazole, E: 1xBB + 200 mM 
imidazole, GNA: recombinant GNA , quantity stated in nanograms. A: GNA from glycerol fed 
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 To further test the effect of glycerol on binding efficiency, increasing volumes of glycerol 
were added to 100 mL of supernatant derived from glucose fed medium to determine directly 
whether the addition of glycerol decreases the binding of recombinant GNA to the nickel 
column. Shown in Figure 4.4, the load (supernatant + glycerol + binding buffer) and flowthough 
was analysed at each glycerol concentration by western blot in order to assess binding efficiency 
under differing concentrations of glycerol. At low glycerol concentrations, 0 % and 0.75 % (v/v), 
there was a decrease in band intensity between the load and flowthough. At high concentrations 
there was no decrease in band intensity between load and flow through. This finding was 
confirmed in the analysed elution fractions from each purification (Figure 4.4). 
 After purification the eluted fractions were de-salted by dialysis and then lyophilised as 
described in section 2.10. To determine the proportion of GNA in the lyophilised powder known 
quantities of powder were compared to known quantities of commercial GNA standards by total 
protein staining of an Sodium dodecyl sulphate polyacrylamide gel elcotrophoresis (SDS-PAGE) 
gel, shown in Figure 4.5. GNA derived from glycerol-fed medium made up approximately 20 % 
(w/w) of the lyophilised powder, whilst GNA derived from glucose-fed medium made up 15 % 
(w/w). The total protein recovery from each fermentation was 39 % and 51 % respectively. The 
lower recovery rate of GNA provides further evidence for the hypothesis that glycerol may be 
reducing the binding efficiency of the nickel column. 
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Figure 4.4 Comparison of Load and flow through (top) and elution fractions (bottom) with 
artificially added glycerol. Western blot probed with Anti-GNA antibodies. Each sample was 
passed through a Ni-NTA affinity column for 1 hour. Percentages represent the concentration of 
glycerol (v/v) in the final loaded sample. Recombinant GNA standards A: L: Load, FT: Flow 
through, Equal volumes were loaded in all lanes. B: Comparison of 200 mM Imidazole + 1 BB 
eluted peak fraction, volume (µl) stated above the lanes. The arrow indicates the expected 
protein mass.  
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Figure 4.5 Quantification of GNA proportion in lyophilised powder derived from glycerol-
medium (A) and glucose-fed medium (B). Coomassie brilliant blue stained SDS-PAGE gel (17.5% 
acrylamide). Quantity of lyophilised powder and commercial GNA standards (Sigma-Aldrich, St. 
Louis, USA) are stated above the lanes. The arrow indicates the expected protein mass.  
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4.4 Biological analysis of GNA fermented with either glycerol or glucose as a 
carbon source.  
Glycosylation of the recombinant GNA samples was assessed by Schiff-periodic acid 
staining as described in section 2.13. This was done as P. pastoris has been shown to glycosylate 
recombinant proteins during expression, and this can affect the molecular mass and on occasion 
function (Macauley-Patrick et al., 2005). There are two types of glycosylation, N-linked and O-
linked. N-linked glycosylation requires a specific N-X-S/T amino acid motif (Schwarz and Aebi, 
2011). There are no N-linked motifs present in the amino acid sequence of the construct used 
(Figure 4.1). A glycosylated band was detected at approximately 14 kDa, where expected. No 
difference was visible between the two GNA samples stained with Schiff reagent (Figure 4.6). 
Recombinant PI1a/GNA, which contains a single N-X-S/T amino acid motif, was included as 
positive control, and commercial GNA (purified from G. nivalis bulbs) was used as a negative 
control (Van Damme et al., 1987; Yang et al., 2014). 
The activity of GNA, and thus the folding of GNA, was assessed by a hemagglutination 
assay with rabbit erythrocytes. GNA produced using either glucose or glycerol as a carbon source 
was able to agglutinate rabbit erythrocytes down to a threshold concentration of 15.6 µL mL-1 
(Figure 4.7). This was comparable to recombinant GNA produced by Dr Min Cao independently 
of this experiment (unpublished data). GNA purified from G. nivalis bulbs (Sigma-Aldrich, St. 
Louis, USA) used as a positive control was found to agglutinate down to a threshold 
concentration of 7.8 µL mL-1. PBS used as a negative control, showed no agglutination activity. 
The threshold for agglutination was determined visually.  
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Figure 4.6 Analysis of glycosylation status of recombinant GNA fermented in glycerol fed 
medium or glucose fed medium. A: Schiff reagent stained nitrocellulose membrane, 10 µg of 
protein loaded in all lanes. B: Coomassie brilliant blue stained SDS-PAGE gel (17.5 % acrylamide) 
5 µg of protein loaded. 1: GNA (Glycerol), 2: GNA (Glucose), +: PI1A/GNA, -: GNA (Purified from 
snowdrop, Sigma-Aldrich, St. Louis, USA) 
 
Figure 4.7 Agglutination assay to determine the mannose binding activity of GNA. Protein was 
serially diluted and incubated with a 2 % rabbit erythrocyte solution. After 2 hours the plate was 
imaged to determine the lowest concentration at which GNA can crosslink rabbit erythrocytes. 
Agglutinated or crosslinked cells display an even red colour in the well whilst non-agglutinated 
cells settle to the bottom of the plate and form  a visible dark red pellet. 
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 Evidence is provided in this chapter that demonstrates when glycerol is present in the 
supernatant in high concentrations, there is a detrimental effect on purification of recombinant 
GNA. Changing the carbon source to glucose has no detrimental effect on growth, purification 
or biological activity of the recombinant GNA, and has enhanced recovery via more efficient 
binding to the nickel columns as compared to glycerol containing supernatants.  
Pichia pastoris is a methanotrophic yeast which grows under several different carbon 
regimes (Waterham et al., 1997). In this chapter both glycerol and glucose were used as carbon 
sources to determine if recombinant GNA recovery could be improved in fermentation medium 
lacking glycerol. Growth rate was tracked, through the monitoring of wet pellet weights in both 
fermentations, to determine if the carbon source affects growth rate and therefore protein 
expression (Rebnegger et al., 2014). The difference in final wet pellet weight observed is unlikely 
to be due to the difference in carbon source as existing literature suggests that the growth rate 
for P. pastoris is unaffected by the use of glycerol or glucose (Prielhofer et al., 2015). To 
corroborate the literature the specific growth rate of both conditions was calculated using the 
wet pellet weights from time 0 and 72 hours to give the increase in mg of wet pellet weight per 
mL per hour using the equation described in (Rodrigues et al., 2019). Pichia pastoris grown in 
glucose-fed medium had a specific growth rate of 0.037 h-1. The specific growth rate in glycerol-
fed medium was slightly higher (0.038 h-1), indicating that P. pastoris was growing at a 
comparable rate in both conditions. Prielhofer et al., (2015) quotes a specific growth rate for 
fed-batch cultures between 0.010 and 0.022 h-1, which is comparable, although lower than 
values found in this experiment. The discrepancy between the two results could be due to the 
medium used in the culture (YPG versus BSM) and the culture method (shake flasks with slow 
release glucose disks versus bioreactor fermentation). It is important to note that due to the 
fed-batch nature of benchtop fermentation, where additional dissolved carbon is added to the 
vessel, the specific growth rate is not entirely representative of growth in the culture as it 
assumes there is no change in culture volume. However, as equal volumes were added the 
specific growth rates of the two fermentations can be compared. This difference in final pellet 
weight is likely due to a reduced inoculum pellet weight. The inoculum glycerol wet pellet weight 
was 82.1 mg mL-1, whilst the inoculum glucose wet pellet weight was 50.8 mg mL-1.  
Under both carbon regimes the protein expression profile increased over time, in much 
the same manner as the increase in wet pellet weight (Table 4.1,Figure 4.2). Comparison of 
supernatant to known quantities of protein standard allowed visual estimation of the final 
expression level in the medium. The glycerol-fed supernatant had an estimated expression level 
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of approximately 100 mg L-1 whilst the glucose-fed supernatant expression level was estimated 
at 40 mg L-1. This marked decrease in expression level is contradictory to published literature 
which suggests that recombinant proteins under the control of the GAP promoter should be 
expressed at a higher rate when glucose is provided in the medium compared to glycerol 
(Waterham et al., 1997). This difference in protein expression level between the two 
fermentations again may be due to the decreased inoculum cell density, as heterologous protein 
expression is linked to both specific growth rate and cell density (Rebnegger et al., 2014). As 
specific growth rate was found to be similar in both fermentations, the difference in expression 
level may be due to decreased inoculum cell density, resulting in a lower final cell density. The 
final wet pellet weight of the glucose fermentation was 66 % of the glycerol fermentation wet 
pellet weight, while the expression level was 40 %, and as the expression levels are 
approximations these values can be considered comparable. It is important to consider that this 
experiment was only performed once, the conditions for the glucose fermentation have not 
been optimised, and expression level can vary from fermentation to fermentation.  
Nickel affinity chromatography functions by forming a coordinate covalent bond 
between an immobilized Ni2+ ion and two histidine side chains. In this case the protein has been 
expressed with a N-terminal 6x polyhistidine tag to allow purification (Figure 4.1). From 
discussion with industrial collaborators, and anecdotal evidence from experience with the P. 
pastoris protein expression system, it was hypothesised that excess glycerol in the medium was 
interfering with the interaction between the nickel ion and on the polyhistidine tag. There is 
little to no published literature on this topic, but glycerol is listed by the manufacturer (HisTrap 
FF, GE Healthcare) as a compatible compound in concentrations up to 50 % (w/v). 
The effect of glycerol on purification by nickel affinity chromatography was tested by a 
comparison between two fermentations, one containing glycerol as a carbon source and one 
containing glucose as a carbon source. When glucose was used as a carbon source less 
recombinant protein was left in equal volumes of supernatant after two hours loading on nickel 
columns compared to the supernatant from the glycerol-fed fermentation (Figure 4.3). These 
results in conjunction with reduced binding and recovery of GNA from nickel affinity columns 
observed when increasing levels of glycerol were added to loaded supernatants (derived from a 
glucose fed fermentation run) provides evidence that concentrations of greater than 7.5 % (v/v) 
glycerol have a negative impact upon GNA yield. There did appear to be a beneficial effect of 
0.75 % (v/v) glycerol on GNA – nickel binding, perhaps suggesting a threshold concentration 
above which glycerol becomes detrimental during the purification of GNA. It is not surprising 
that low concentrations of glycerol could have a positive effect on purification as some 
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purification protocols call for low concentrations of glycerol (Bornhorst and Falke, 2000). The 
data from this experiment contradicts the compatibility list from the manufacturer, but there 
are many factors that have a profound effect on protein purification, and optimal conditions for 
purification must be determined experimentally on a case by case basis. 
Based on the evidence gathered, glycerol appears to be detrimental to GNA protein 
binding above a certain threshold, however the exact mechanism is not clear. The column 
manufacturers (GE Healthcare) state that glycerol can reduce binding of nonspecific 
hydrophobic protein to nickel columns. This is possibly due to the tendency of glycerol to 
aggregate around hydrophobic regions of the proteins, this is unlikely to be the reason for the 
decrease in binding as GNA is a hydrophilic protein, and histidine is a polar amino acid. It is 
possible that this is purely a steric affect, based on the increased viscosity of the supernatant 
containing high concentrations of glycerol. A speculative explanation may be that although 
glycerol is not molecularly similar to the histidine side chain or imidazole, it is forming complexes 
with nickel. Nickel can form complexes with many compounds including the negatively charged 
hydroxyl groups of which glycerol has 3 located in proximity, whereas the 5 hydroxyl groups in 
glucose are dispersed around the 6-carbon ring. As the isoelectric point of GNA (5.08) was above 
the pH of the supernatants from which GNA was purified (approximately 4.9), the histidine 
residues were likely in a protonated state and less likely to interact with the positively charged 
nickel, allowing the glycerol to compete to form complexes. Furthermore, glycerol is half the 
mass of glucose, 92 Da compared to 180 Da and this may allow more glycerol to cluster around 
individual nickel ions. Therefore, it may be possible that glycerol is complexing with nickel and 
preventing the histidine from binding when present in high concentrations. It has also been 
shown that solutions of glycerol and water reduce nickel (II) complex formation between nickel 
and pyridine 2-azo-p-dimethylaniline at room temperature as compared to pure water, a similar 
effect may be occurring here between the nickel and the his-tag, although the histidine side 
chain is not similar to the molecule in this study (Ellis et al., 1989). Ultimately, the mechanism is 
not clear, in this case, the use of glucose as compared to glycerol as a carbon source for P. 
pastoris growth resulted in a 29 % increase in relative protein quantity being recovered from 
fermented cultures. 
The use of different carbon sources had no discernible effects on the degree of 
glycosylation of recombinant GNA or its ability to cross link rabbit erythrocytes suggesting 
comparable in vitro functionality. Schiff staining confirmed glycosylation of recombinant GNA 
and, as there are no N-linked glycosylation sites present in the protein sequence of the 
Chapter 4 | Glucose or glycerol: alternative carbon sources for expression of Galanthus 





recombinant GNA it is highly likely that the glycosylation visible in the Schiff assay is O-linked 
(Figure 4.6). 
Recombinant GNA, from both fermentations, agglutinated at a threshold of 15.6 µg mL-
1; this is approximately two times higher than published literature, whereas the positive control 
(GNA purified from snowdrop bulbs) was consistent with the positive control values in the same 
study (Raemaekers et al., 1999). This inconsistency could be attributed to several factors. This 
study used a truncated GNA peptide of 105 residues, versus the native 109 residue protein used 
by Raemaekers et a. (1999). The difference in length may interfere with the ability of 
recombinant GNA to form tetramers through C-terminal strand exchange which involves 
residues 99-109 (Hester et al., 1995). Tetramerization could account for the difference in 
agglutination between these experiments as it increases the number of available mannose 
binding sites per molecule from 3 to 12 allowing GNA to interact with more mannose residues 
per erythrocyte, enabling a stronger cross linking reaction (Hester et al., 1995). This is possibly 
why GNA purified from snowdrop could agglutinate down to a lower threshold than 
recombinant GNA. Other factors that could have a contributing affect could be the age of the 
erythrocytes, the amount of time the plates were left to settle and the carbohydrate content of 
the recombinant protein.  
It is important to note that the results are preliminary as they are derived from single 
fermentation runs to compare the influence of different carbon sources upon the protein yield 
and no statistical evaluation can be performed. Furthermore, no optimisation had taken place 
related to carbon feed rates using glucose and it was assumed that glucose and glycerol fed at 
the same rate would provide similar energetic content. This was done to determine if the 
recovery of GNA could be improved using a different carbon source. If this work were to be 
repeated, ensuring inoculum cell densities were equal would be important to consider, along 
with optimisation of the carbon source feed rate.  
In conclusion, there appears to be no difference between glucose and glycerol when 
used as a carbon source in the fermentation of a GNA expressing P. pastoris clone. There is some 
evidence to suggest that excess glycerol in the culture supernatant has a detrimental effect on 
the binding efficiency of nickel affinity columns and their ability to interact with poly-histidine 
tagged proteins. An interesting line of investigation would be to determine whether other 
proteins, especially those with poor binding affinity to nickel, exhibit similar behaviour when the 
carbon source is swapped to glucose instead of glycerol.  
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Chapter 5 |Production and purification of recombinant pea albumin (PAF) 
and a pea albumin based fusion protein (PAF/GNA) in Pichia pastoris 
5.1 Introduction 
Pea albumin, PA1b, is a small proteinaceous inhibitor of V-ATPase proton pumps, 
initially purified from the seeds of Pisum sativum (Muench et al., 2014). It was hypothesised that 
fusion of this small 36 amino acid protein to Galanthus nivalis agglutinin (GNA) could enhance 
its toxicity to aphids; using the binding affinity of GNA for mannosylated gut epithelial proteins 
to anchor PA1b in proximity to its target site. Unfortunately, many issues were encountered with 
the production and purification of PA1b/GNA (discussed in Chapter 4). Therefore, this chapter 
focuses on the production of recombinant full length pea albumin (PAF) and PAF/GNA. The PAF 
expression construct contains the coding sequences for both the PA1b polypeptide and the PA1a 
polypeptide from the Pisum sativum gene cassette PA1 (Higgins et al., 1986). These constructs 
were developed because evidence suggests that whilst PA1a is not toxic to Sf9 cells (Insect cell 
line from Spodoptera frugiperda) it is important for the functional expression of PA1b (Chouabe 
et al., 2011; Eyraud et al., 2013). 
Fermentation conditions must be optimised on a case-by-case basis for P. pastoris 
protein expression. Therefore, this chapter presents data and discusses the production and 
optimisation of recombinant PAF and PAF/GNA under native purification conditions in basal salt 
medium, specifically looking into the effects of two different pHs and two carbon sources on 
expression levels and purification profiles of the final proteins. Glycosylation and agglutination 
activity, where appropriate, were also examined to determine if changes to the fermentation 
protocols affect activity of the GNA carrier or significantly change the quantity of glycosylation.  
 
5.2 Expression constructs 
The expression construct for recombinant pea albumin (PAF) was designed to be as 
similar as possible to the native protein (Higgins et al., 1986). The fusion protein consists of PAF 
linked to the n-terminus of GNA. The PA1 gene construct and mature GNA sequences were 
codon optimised for expression in P. pastoris (https://eu.idtdna.com/CodonOpt) and 
synthesised commercially. Restriction sites were added as necessary using PCR, and restricted 
products were subsequently ligated into pGAPzαB in frame with the α-factor secretory signal 
and the C-terminal histidine tag (his-tag), which allows detection by western blotting and 
purification by nickel affinity chromatography. Ligated plasmids were then transformed into 
TOP10 E. coli following the protocol described in section 2.2.9 and verified by colony PCR and 
DNA sequencing, then confirmed using Serial Cloner 2.6. The nucleotide and derived peptide 
sequences for PAF and PAF/GNA are shown in Figure 5.1 and Figure 5.2.  
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5.3 Screening for protein expressing clones 
Vectors containing the sequenced expression cassettes were linearized with AvrII and 
transformed into P. pastoris SMD1168H as described in Sections 2.2.13 and 2.3. Pichia pastoris 
SMD1168H colonies which grew on zeocin selective medium, were inoculated into flasks 
containing 10 mL yeast peptone glycerol medium (YPG) and 100 μg mL-1 zeocin. The inoculated 
flasks were incubated at 30 °C for 48-72h. Supernatant samples were subsequently screened by 
western blot to select positively expressing clones. In Figure 5.3A, PAF expressing P. pastoris 
clone 4 showed a single immunoreactive band at approximately 10 kDa, slightly lower than the 
expected mass of 11.6 kDa. This clone was selected for over expression in a benchtop bioreactor 
as described. In small scale cultures of PAF/GNA transformants, an immunoreactive band was 
visible at approximately 25 kDa, 1 kDa higher than expected for PAF/GNA. A faint GNA 
immunoreactive band was also detected at 14 kDa, likely to be cleaved GNA. Clone 1 was 
selected as the best PAF/GNA expressing clone (Figure 5.3B). 
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Figure 5.1 PAF nucleotide and derived peptide sequence, from a sequenced clone. PA1b 
(purple), PA1a (green), his-tag (yellow). Bold: Restriction sites used in cloning. Predicted Mw of 
peptide: 11.8 kDa.  
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Figure 5.2 PAF/GNA nucleotide and derived peptide sequence, from a sequenced clone. PA1b 
(purple), PA1a (green), GNA (blue), his-tag (yellow). Bold: Restriction sites used in cloning. 
Predicted Mw of polypeptide: 23.9 kDa.  
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Figure 5.3 Screening of small scale P. pastoris cultures for the expression of recombinant PAF 
(A) and PAF/GNA (B).  Western blot,  probed with anti-his (A) and anti-GNA (B), screening to 
select PAF and PAF/GNA expressing P. pastoris SMD1168H clones. Individual colonies were 
inoculated into 10 mL YPG flasks with 100 μg mL-1 zeocin, incubated for 72h at 30 °C with shaking. 
Cultures were centrifuged and supernatant (25 μL) was loaded in each lane. Numbers denote 
individual colonies. GNA denotes 100 ng recombinant GNA that contains a C-terminal histidine 
tag. S1-S6 denotes supernatant from individual cultures. Position of protein marker mix 
(Thermo) run on the same gel is depicted on the left-hand side. The arrow indicates the expected 
protein mass.  
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5.4 Expression and purification of recombinant pea albumin (PAF) and pea 
albumin fusion protein (PAF/GNA) 
Recombinant PAF was produced in a 7 L benchtop bioreactor, as described in section 
2.6, using basal salt medium (BSM); the carbon source used was glycerol and pH was maintained 
by addition of 17.5 % (v/v) ammonia. Changes made to the protocol in section 2.6 are as follows:  
in one instance pH was maintained at 4.5, in the other pH was maintained at 5.0. The inoculum 
used to seed the bioreactor was grown in 3 x 100 mL YPG flasks at 30 °C for 72 hours.  
PAF/GNA was produced in the same bioreactor, with the following changes made to 
that protocol in separate fermentations: A) No change: pH was maintained at 4.5 and the carbon 
source utilised was glycerol; B) pH was maintained at 5.0 and the carbon source used was 
glycerol; C) The pH was maintained at 4.5 and the carbon source was changed to glucose. The 
inoculum used to seed the bioreactor was grown for 72 hours at 30 °C in 3 x 100 mL YPG flasks. 
 
5.5 Wet pellet weight of PAF expressing P. pastoris fermented at pH 4.5 and 5 
The wet pellet weight was monitored throughout both PAF benchtop fermentations. 
Samples were taken from the fermenter at 24h intervals to monitor growth of the culture and 
expression of the recombinant protein. A comparison of wet pellet densities recorded for 
fermentation of PAF is shown in Table 5.1. The pellet weight at time 0, immediately post 
inoculation, showed little difference between pH 4.5 and 5 (16.4 mg mL-1 and 18.8 mg mL-1 
respectively). The final wet pellet weights for these two fermentations were 219.8 mg mL-1 for 
pH 4.5 and 278.9 mg mL-1 for pH 5.0. Wet pellet weights were not collected for PAF/GNA 
fermentations. 
 
5.6 Estimation of expression level of PAF and PAF/GNA fermented at different 
pHs and using different carbon sources 
Protein expression levels during, and at the end of fermentation, were assessed by 
western blotting of culture supernatants using anti-His (PAF) and anti-GNA (PAF/GNA) 
antibodies. Final expression levels in harvested cultures were estimated by visual comparison of 
the immunointensity of recombinant GNA standards with three different volumes of the final 
supernatant as shown in Figure 5.4A and B. An immunoreactive band of approximately 14 kDa 
is present in samples from fermentations conducted at pH 4.5 and pH 5.0 (Figure 5.4). The 14 
kDa band is 2.2 kDa greater than the predicted molecular weight of PAF, this increased mass is 
likely to be due to glycosylation. Band intensity increased over time, suggesting the quantity of 
recombinant protein increased as the cultures grow. The results presented in Figure 5.4 
correlate with the wet pellet weights (Table 5.1). The final expression level of PAF was estimated 
to be 40 mg L-1 at pH 4.5 and 100 mg L-1 at pH 5.0. 
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Table 5.1 Wet pellet densities recorded for a PAF expressing clone grown in a 7.5 L bioreactor. 
Culture media was maintained at pH 4.5 or pH 5.0 for 72 hours.  
 
 


















Figure 5.4 Expression level of PAF during fermentation at pH 4.5 (A) and pH 5 (B). Western blot 
analysis (using anti-His antibodies) of the expression of PAF in fermented culture supernatants 
over time. A and B are samples from fermentation conducted at pH 4.5 and 5.0, respectively. In 
denotes inoculum sample and volumes (µl) are stated above each lane. GNA: recombinant GNA 
standards (quantity in ng stated above lanes). Position of protein marker mix (Thermo) run on 
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 In all samples from PAF/GNA fermentation, immunoreactive bands were present at a 
mass of approximately 25 kDa, slightly higher than the predicted mass of 23.9 kDa (Figure 5.5). 
Again, the slightly increased mass of the immunoreactive band compared to the predicted mass 
may be a result of glycosylation. Each of the supernatants also contained other lower molecular 
weight immunoreactive bands; these likely correspond to cleavage products of the fusion 
protein, through differential cleavage of PAF/GNA by yeast proteases. The final supernatant 
volume of all fermentations was approximately 3 L. Expression levels were estimated semi-
quantitively by comparison of the 25 kDa band in the supernatant with recombinant GNA 
standards of known quantity. When fermented at pH 4.5 with glycerol, PAF/GNA was expressed 
at 80 mg L-1, compared to 10 mg L-1 when fermented at pH 5 (Figure 5.5A and B). Utilising glucose 
as a carbon source at pH 4.5 caused a decrease in expression level (50 mg L-1) as compared to 
glycerol (Figure 5.5C). 
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A: pH 4.5;  








B: pH 5.0;  








C: pH 4.5;  









Figure 5.5 Expression of PAF/GNA fermented at pH 4.5 with glycerol (A), pH 5 with glycerol (B) 
and pH 4.5 with glucose (C). Western blot analysis (using anti-GNA antibodies) of the PAF/GNA 
in fermented culture supernatants. A, B and C are samples from fermentation conducted at pH 
4.5 with glycerol, pH 5.0 with glycerol and pH 4.5 with glucose, respectively. Sample and volumes 
(μl) are stated above each lane. GNA: recombinant GNA standards (quantity in ng stated above 
lanes). Position of protein marker mix (Thermo) run on the same gel is depicted on the left-hand 
side. The arrow indicates the expected protein mass.  
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5.7 Purification of PAF and PAF/GNA from culture supernatant fermented at 
different pHs with different carbon sources 
Recombinant PAF and PAF/GNA from the various fermentations were purified under 
identical conditions which allows direct comparison of purification efficiency by nickel affinity 
chromatography and recovery of protein. The supernatant was prepared for purification as 
described in section 2.8. The combined buffer and supernatant were loaded on to 2 x 5 mL 
HisTrap FF columns (GE healthcare), for 2 hours at RT, with a flow rate of 5 mL min-1. The final 
pHs of  loaded PAF samples for fermentations conducted at pH 4.5 and pH 5 were pH 4.87 and 
pH 5.36, respectively. The final loaded pH of PAF/GNA supernatants were pH 4.90 (pH 4.5 and 
glycerol), pH 5.3 (pH 5 and glycerol) and pH 4.93 (pH 4.5 and glucose). Purification was 
performed as described in section 2.8. Attempts to raise the pH of the supernatant to 7.4 by the 
addition of NaOH resulted in precipitation.   
 Comparison of recombinant protein quantities in supernatant and flow through samples 
provides an indication of how efficiently recombinant PAF bound to the nickel affinity column. 
Figure 5.6 showed that there was a marked decrease in immunoreactive band intensity between 
the supernatant and the flow through, suggesting that recombinant PAF bound efficiently to the 
nickel columns in both conditions. However, Figure 5.6A shows some of the bound protein is 
lost in the binding buffer wash (first 5 mL of wash step was collected and used for analysis), 
presumably due to the increased pH of the wash causing bound protein to be released from the 
column, which likely reduced the final yield, this band is not visible in Figure 5.6B. In both 
instances no detectable quantity of protein was lost during the 10 mM imidazole wash step. 
Comparison of the eluted fractions suggests that greater quantities of PAF were eluted when 
the sample was loaded at pH 5.37 compared to pH 4.87, though was possibly due to higher 
concentrations of PAF present in supernatant derived from the pH 5.0 fermentation. 
PAF/GNA did not bind efficiently to nickel columns under any of the conditions tested 
(Figure 5.7). Fermentation at pH 5 with glycerol was the condition under which PAF/GNA bound 
most efficiently to the nickel columns (Figure 5.7B), indicated by decreased band intensity 
between the supernatant and flow through samples. However, protein was detectable in the 
first wash. In all conditions a large intense band corresponding to the predicted weight of 
PAF/GNA was detected in a small volume of the peak eluted fraction. A 40-45 kDa 
immunoreactive protein was present in the elution lanes of Figure 5.7B. This could potentially 
be a dimer, or a PAF/GNA – yeast protein complex. The low molecular weight bands detected in 
Figure 5.5A were not present in Figure 5.7A. Low molecular weight proteins at 14 kDa were 
visible in lyophilised samples of both  Figure 5.9B and C, suggesting that the loss of mass is due 
to cleavage of the N-terminus rather than of the C-terminus where the his-tag is located.  
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Figure 5.6 Analysis of purification fractions of PAF from fermentation at pH 4.5 (A) and 5 (B). 
Western blot analysis (using anti-His antibodies) of PAF samples purified by nickel-affinity 
chromatography. Sample volumes (µl) are stated above each lane. SUP: Supernatant, FT: Column 
flow through, W1: 1 x binding buffer, W2: 1 x binding buffer + 10 mM imidazole, E: 1 x binding 
buffer + 200 mM imidazole, GNA: recombinant GNA standards (quantity in ng stated above 
lanes). Position of protein marker mix (Thermo) run on the same gel is depicted on the left-hand 
side. The arrow indicates the expected protein mass.  
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B: pH 5.0;  







C: pH 4.5;  







Figure 5.7 Analysis of purification fractions of PAF/GNA from fermentation at pH 4.5 with 
glycerol (A), pH 5.0 with glycerol (B) and pH 4.5 with glucose (C). Western blot analysis (using 
anti-GNA antibodies) of PAF/GNA samples purified by nickel-affinity chromatography. Sample 
volumes (µl) are stated above each lane. SUP: Supernatant, FT: Column flow through, W1: 1 x 
binding buffer, W2: 1 x binding buffer + 10 mM imidazole, E: 1 x binding buffer + 200 mM 
imidazole, GNA: recombinant GNA standards (quantity in ng stated above lanes). Position of 
protein marker mix (Thermo) run on the same gel is depicted on the left-hand side. 
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5.8 Quantification and recovery of recombinant PAF and PAF/GNA  
After purification, the eluted fractions were dialysed and lyophilised as described in 
section 2.10. The protein content of the lyophilised powder was estimated semi-quantitively by 
sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) stained with coomassie 
blue by visual comparison of known quantities of lyophilised powder to commercially available 
GNA standards (Sigma-Aldrich, St. Louis, USA).  
Representative quantification analysis for PAF samples is shown in Figure 5.8. All 
samples contain a protein band of approximately 14 kDa, which corresponds to the mass 
observed in the western blots but is greater than the predicted MW of PAF. The proportion of 
PAF in powder derived from fermentation at pH 4.5 was 10 % (w/w). When fermented at pH 5, 
the percentage of PAF in lyophilised powder was significantly higher, at 50 % (w/w).  Purification 
from cultures fermented at pH 4.5 recovered 8 mg, of an estimated 40 mg present in 1 L of 
supernatant, equating to a 20 % protein recovery. Recovery of PAF from the pH 5.0 supernatant 
was much greater; 42 mg of protein was recovered from 1 L of supernatant estimated to contain 
approximately 100 mg PAF resulting in a 42 % protein recovery. The protein which is 
unaccounted for could remain in the supernatant, as a faint immunoreactive band was detected 
in the flow throughs (Figure 5.6). Or perhaps is insoluble after lyophilisation.  
Quantification of PAF/GNA is shown in Figure 5.9. All samples contained a protein of 
approximately 25 kDa, corresponding to the immunoreactive bands detected by western 
blotting. The different fermentation conditions resulted in different profiles on gel. Part A of 
Figure 5.9 has two additional major bands, at approximately 21 kDa and 14 kDa which likely 
correspond to cleavage products of PAF/GNA. Based on the molecular weight and 
immunoreactivity to anti-GNA antibodies, these bands are probably PA1a/GNA (21 kDa), where 
the PA1b toxin has been cleaved, and where the entire PAF domain has been cleaved from GNA 
(14 kDa) (Figure 5.5A, Figure 5.9A). Two proteins of approximately  21 kDa and 14 kDa are also 
present in the coomassie stained gel (Figure 5.9B); however, they are much fainter and only the 
14 kDa band is immunoreactive to anti-GNA antibodies (Figure 5.9B). The proportion of 
PAF/GNA in the lyophilised powders from fermentation at pH 4.5 with glycerol, pH 5.0 with 
glycerol and pH 4.5 with glucose are 10 % (w/w), 15 % (w/w) and 8.75 % (w/w), respectively. 
These lyophilised powder concentrations were generally poor. The total protein recovered from 
the supernatant and percentage recovery for both PAF and PAF/GNA fermentations are 
displayed in Table 5.2. The low percentage of protein recovered in the pH 4.5 fermentations can 
be partially attributed a proportion of the protein being insoluble after lyophilisation. Figure 
5.10 shows both PAF and PAF/GNA which has been resuspended in PBS, and then the pellet 
resulting from that resuspension was subsequently resuspended in SDS loading buffer. In all pH 
4.5 conditions insoluble protein was present at the appropriate mass.  
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Table 5.2 Summary of data pertaining to the production and purification of PAF and PAF/GNA. 
























Figure 5.8 Quantification of PAF in lyophilised powder derived from fermentation at pH 4.5 
(A) and pH 5 (B). Coomassie brilliant blue stained SDS-PAGE gels (17.5% acrylamide) of 
recombinant PAF after purification by nickel affinity chromatography, lyophilisation and 
resuspension in PBS. A and B are samples from fermentation conducted at pH 4.5 and 5.0, 
respectively. Position of protein marker mix (Thermo) run on the same gel is depicted on the 
left-hand side. The arrow indicates the expected protein mass.  
 
   
 PAF PAF/GNA 
pH 4.5 5 4.5 5 4.5 
Carbon source Glycerol Glycerol Glycerol Glycerol Glucose 
Expression level (mg L-1) 40 100 80 10 50 
Lyophilised powder 
(% protein w/w) 
10 50 10 15 8.75 
Protein recovered (mg L-1) 8 42 5.8 3.5 18.2 
Recovery (%) 20 42 7 35 36 
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A: pH 4.5;  






B: pH 5.0;  







C: pH 4.5;  








Figure 5.9 Quantification of PAF/GNA in lyophilised powder derived from fermentation at pH 
4.5 with glycerol (A), pH 5 with glycerol (B) and pH 4.5 with glucose (C). Coomassie brilliant 
blue stained SDS-PAGE gels (17.5% acrylamide) of PAF/GNA after purification by nickel-affinity 
chromatography, lyophilisation and resuspension in PBS. GNA standards were commercial 
purified GNA from snowdrop bulbs (Sigma-Aldrich, St. Louis, USA). Quantities of powder and 
protein loaded are stated above the lanes in µg. Position of protein marker mix (Thermo) run on 
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Figure 5.10 Soluble and insoluble fractions of lyophilised powder of PAF and PAF/GNA. 
Lyophilised powder with protein content of 5 ug was dissolved in 1 x PBS and designated soluble. 
The resulting pellet was then dissolved in 1 X SDS loading buffer and designated insoluble. S: 2 
µg of the soluble fraction, I: equivalent volume to 2 µg of the soluble fraction. Sainted with 
Coomassie brilliant blue. Position of protein marker mix (Thermo) run on the same gel is 
depicted on the left-hand side. 
  
Chapter 5 | Production and purification of recombinant pea albumin (PAF) and a pea albumin 





5.8 Peptide identification by LC-MS 
Recombinant protein from the best performing fermentations (PAF pH 5.0 and PAF/GNA 
pH 4.5 with glucose) were sent for analysis by liquid chromatography mass-spectrometry. 
Marked bands were excised from an SDS-PAGE acrylamide gel and trypsin digested, then 
analysed by LC-MS as described in section 2.14. Formic acid blank injections were performed 
between each sample injection. 
PAF runs as a single intact band at approximately 14 kDa on SDS-PAGE gels. Analysis by 
LC-MS revealed that both the PA1b and PA1a peptides are present in the band, indicating the 
protein is intact. The detected peptide fragments are shown in Figure 5.11. The α-factor was 
correctly cleaved, apart from five additional N-terminal residues (Glu-Ala-Glu-Ala-Ala) 
preceeding PAF. These additional residues partially explain the increased mass of PAF when 
analysed by SDS-PAGE. A sequence of peptides in the centre of PAF was not detected but this is 
likely to be due to a long sequence of residues without arginine or lysine residues to facilitate 
cleavage by trypsin. 
Two recombinant PAF/GNA protein products, one at 25 kDa and one at approximately 
14 kDa, (Figure 5.12) when analysed by LC-MS confirmed the presence of PAF/GNA in the 25 
kDa band. As for PAF, five additional N-terminal residues (Glu-Ala-Glu-Ala-Ala) were detected in 
the 25 kDa PAF/GNA protein products, providing a partial explanation for the increased mass on 
SDS-PAGE compared to the predicted mass of PAF/GNA with the additional residues adding 
approximately 0.5 kDa. A 25-peptide sequence at the N-terminus of GNA was not detected, 
possibly due to the large distance between lysine or arginine residues. The 14 kDa band is likely 
to be a cleavage product of PAF/GNA, with no spectra matching to the N-terminus of PAF and 
limited spectra matching to N- and C-terminals of GNA (Figure 5.12). The spectra detected 
between residue 113 and 148 is likely carry over from the previous sample injection, as this 
peptide was detected in the formic acid blank and in the GNA only sample, which was injected 
last, in addition to this the mass from the sequence STSVAAAA to the end of the his-tag is 14 kDa 
suggesting that the 14 kDa band is a GNA cleavage product of PAF/GNA (Figure 5.13 and Figure 
5.14). Correct cleavage of the alpha factor from GNA could not be determined as LC-MS analysis 
failed to detect the first 30 peptides of the protein. The contaminating peptide from PAF/GNA 
is visible in the GNA only sample, suggesting it has been carried over from the first injection, 
through multiple injections and blanks (Figure 5.14). 
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Figure 5.11 Primary structure and LC-MS data from the PAF 14 kDa band on SDS-PAGE. A: 
Primary structure of the recombinant PAF protein product expressed by transformed P. pastoris 
cells. The alpha factor secretory signal is depicted in red, PA1b in purple, PA1a in green, and the 
his-tag in yellow. Remaining residues are the result of the cloning process for the expression 
construct. Residues highlighted in grey were not detected in the 14 kDa band see (B). B: Peptide 
matches of the 14 kDa band compared to the expressed sequence.  
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Figure 5.12 Primary structure and LC-MS data from the PAF/GNA 25 kDa and 14 kDa bands on 
SDS-PAGE. A: Primary structure of the recombinant protein expressed by transformed P. 
pastoris cells. The alpha factor secretory signal is depicted in red, PA1b in purple, PA1a in green, 
GNA in blue and the his-tag in yellow. Remaining residues are the result of the cloning process 
for the expression construct. Residues highlighted in grey were not detected in the 25 kDa band 
(see B). Underlined residues were not detected in the 14 kDa band (see C). B: Peptide matches 
of the 25 kDa band compared to the expressed sequence. C: Peptide matches of the 14 kDa band 
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Figure 5.13 Primary structure and LC-MS data from the GNA 14 kDa band on SDS-PAGE. A: 
Primary structure of the recombinant protein expressed by transformed P. pastoris cells. The 
alpha factor secretory signal is depicted in red, GNA in blue and the his-tag in yellow. Remaining 
residues are the result of the cloning process for the expression construct. Residues highlighted 
in grey were not detected in th 25 kDa band see (B). B: Peptide matches of the 14 kDa band 
compared to the top scoring sequence (PAF/GNA). C: Peptide matches of the 14 kDa band 
compared to the expected sequence.  
 
 
Figure 5.14 LC-MS data from the formic acid blank. Data are compared to the sequence for 
PAF/GNA.  
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5.9 Glycosylation of PAF and PAF/GNA fermented under different pH and 
carbon sources 
Pichia pastoris is known to glycosylate recombinant proteins during expression 
(Macauley-Patrick et al., 2005). There is one potential N-linked site (N-P-S) present in both PAF 
and PAF/GNA, beginning at the 34th amino acid residue of the PAF peptide, which fits the 
required structure described in Schwarz and Aebi (2011) (Figure 5.1, Figure 5.2). The 
glycosylation of recombinant PAF and PAF/GNA from both fermentations was analysed by Schiff-
periodic acid blotting. Visualisation of the protein bands with Schiff reagent showed 
glycosylation of PAF from both fermentations as a pink band of approximately 14 kDa. None of 
the three samples of PAF/GNA showed a pink band at 25 kDa, where the protein band is visible 
in the Coomassie stained gel suggesting that this protein product is not glycosylated (Figure 
5.15). Staining was observed at high molecular weights in the PAF/GNA lanes, suggesting minor 
contamination with highly glycosylated, high molecular weight protein, which is not present in 
high enough concentrations to be visible by Coomassie staining. Schiff reagent stains 
glycoproteins in a quantitative manner; therefore, it appears that the changes undertaken in 
fermentation method have little effect on the quantity of glycosylation of the final recombinant 
proteins.  Large quantities of glycosylation are observed in the positive control, which is 
PI1a/GNA, a fusion protein that is known to be glycosylated (N-linked) (Yang et al., 2014). The 
negative control was commercially available purified GNA, purified from snowdrop bulbs 
(Sigma-Aldrich, St. Louis, USA) which is not glycosylated (Van Damme et al., 1987).  
 
5.10 Hemagglutination assays (PAF/GNA) 
The biological activity of the GNA component of PAF/GNA was assessed using 
hemagglutination assays as described in section 2.12. The method through which 
hemagglutination functions with respect to GNA is described in section 2.12. Agglutination 
experiments were performed with lyophilised powders derived from both pH 4.5 and pH 5 
media that used glycerol as a carbon source. As can be seen in Figure 5.16, when fermented at 
pH 4.5 the resulting protein could agglutinate rabbit erythrocytes to a concentration of 7.8 µg 
mL-1, whereas the protein derived from fermentation at pH 5 only agglutinated to a 
concentration of 125 µg mL-1. This is a decrease in function of the GNA lectin and could be due 
to issues with protein folding when produced at higher pHs. 
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Figure 5.15 Schiff blot to detect glycosylation of PAF and PAF/GNA from different 
fermentations. Left: Schiff Blot 10 ug protein loaded in each lane. Right: Coomassie Stained poly 
acrylamide gel, 5 ug loaded in each lane. PAF A: fermented at pH 4.5, B: fermented at pH 5.0. 
PAF/GNA A: fermented at pH 4.5 with glycerol, B: fermented at pH 5.0 with glycerol, C: 
fermented at pH 4.5 with glucose. FP6 was included as a positive control. GNA: Commercially 
purified GNA (Sigma-Aldrich, St. Louis, USA). Position of protein marker mix (Thermo) run on the 
same gel is depicted on the left-hand side. 
 
 
Figure 5.16 Agglutination assay to detect function of GNA when fused to the C-terminus of 
PAF. Protein was serially diluted and incubated with a 2% (v/v) rabbit erythrocyte solution. After 
2 hours the plate was imaged to determine the lowest concentration at which GNA can crosslink 
rabbit erythrocytes. PBS was used as a negative control and recombinant GNA and Commercial 
(Sigma-Aldrich, St. Louis, USA) GNA were included as positive controls. Agglutinated or 
crosslinked cells display an even red colour in the well whilst non-agglutinated cells settle to the 
bottom of the plate and form  a visible dark red pellet. 
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Many factors can significantly alter the production of recombinant proteins in P. 
pastoris, such as pH, cell density, P. pastoris strain, promoter, temperature, dissolved oxygen 
percentage and carbon source (Li et al., 2007). Specifically, this study focused on pH and carbon 
source as factors as one of the main hypotheses as to why binding was poor was related to pH 
of the culture media, and previous work (Chapter 4) demonstrated that using glucose in the 
medium can lead to increased protein recovery compared to glycerol. Pichia pastoris was 
selected as the expression system for PAF and PAF/GNA as it is well suited for growth in 
bioreactors and due to its ability to produce post-translational modifications typically associated 
with protein produced by higher eukaryotes (Cregg et al., 2000). The ability to produce 
disulphide bridges is key as PA1b is a small inhibitor cysteine knot protein, as such it contains 
three disulphide bridges (Jouvensal et al., 2003). These disulphide bonds are vital in determining 
the structure and function of PA1b as they maintain the loop structures which contain the target 
binding sites (Da Silva et al., 2010). A complete version of the PA1 gene cassette (PA1b + PA1a) 
was used in this chapter, as issues were encountered when trying to express PA1b on its own in 
the literature, in previous work performed in our lab and when expressing and purifying 
PA1b/GNA (discussed in chapter 4) (Eyraud et al., 2013), Pyati - personal comm 2016). This 
chapter focuses on the optimisation of fermentation conditions to produce recombinant pea 
albumin (PAF) and pea albumin – GNA fusion proteins (PAF/GNA) in BSM. Specifically, it focused 
on the effects of pH and (due to the results of Chapter 4), the effect of glucose was tested on 
PAF/GNA. Evidence is presented to suggest that the expression and purification of PAF is 
significantly improved when pH was maintained at 5 as opposed to 4.5 during bench-top 
fermentation. Furthermore, fermentation of PAF/GNA with glucose at pH 4.5 was determined 
to be optimal as, despite the reduced expression level, the quantity of final protein recovered 
was greater. The proteins from the best performing fermentations were analysed by LC-MS to 
confirm correct expression and processing. 
Increasing the pH of the fermentation from pH 4.5 to pH 5 did not appear to significantly 
impact the growth of P. pastoris. The initial inoculum pellet weight for the pH 5 fermentation 
was 1.2 fold greater than that for the pH 4.5 run, and the same difference in pellet weight is still 
present at the end of the fermentations implying that PAF expressing P. pastoris is growing at 
comparable rates in both pH 4.5 and pH 5 media. This is also evidenced when the specific growth 
rate was calculated 0.036 µ h-1 (pH 4.5) compared to 0.037 µ h-1 (pH 5.0). These growth rates 
were comparable to that observed in Chapter 3, and greater than observed by Prielhofer et al., 
(2015) but this is likely due to methodological differences, in particular shake flask versus 
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bioreactor and differences in media. Differences cell density (1.2-fold greater in pH 5) or growth 
rate is therefore unlikely to completely account for the difference in expression level observed 
between pHs (2.5-fold increase between pH 4.5 and 5).  
Optimal pH for expression of recombinant proteins in P. pastoris cover a broad range 
from pH 3.0 to 7.0  (Çalık et al., 2010; Chang et al., 2006; Eissazadeh et al., 2017; Koganesawa et 
al., 2002).  Other small insecticidal knottin proteins and fusion proteins expressed in P. pastoris 
were generally fermented between pH 4.5 and 5.0, which is why these two pHs were selected 
(Fitches et al., 2004, 2012; Pyati et al., 2014). This study did not test pHs above 5 due to increased 
salt levels and mineral precipitation in the BSM observed when pH of the media is raised above 
5. Alternate growth media, such as YPG and BMGY, which are normally used for neutral and high 
pH fermentations of P. pastoris, were not tested due to the results from in Chapter 4 where both 
alternate media resulted in the presence of many contaminating proteins in the final lyophilised 
powder. The estimated expression level of PAF was found to be higher by a factor of 2.5 when 
fermented at pH 5 compared to pH 4.5. Prediction of optimal fermentation conditions is difficult; 
Pisum sativum defensin (47 aa, eight cysteine residues) was shown to have the greatest 
expression at pH 6 (Almeida et al., 2001); whereas human growth hormone (191 aa, 4 cysteines) 
displayed optimal expression at pH 5, similar to PAF, despite its difference in size and structure 
(Çalık et al., 2010) The increased expression level cannot be explained entirely by the difference 
in cell density as described above. Jahic et al., (2003) reported that proteolysis of their fusion 
protein decreased when the pH of their bioreactor culture was lowered from pH 5.0 to pH 4.0. 
This in combination with the use of a protease deficient strain of P. pastoris (SMD1168H) 
suggests that decreased protease activity is not responsible for the increased quantities of 
protein in the pH 5.0 fermentation. The iso-electric point of PAF was predicted to be 6.33 so 
precipitation during fermentation due to pH proximity to its pI is unlikely in either condition 
(https://web.expasy.org/compute_pi/). Perhaps PAF folded into the correct confirmation more 
efficiently at the higher pH, which is likely closer to the in vivo pH at which PA1b is expressed in 
planta. 
 Conversely the estimated expression level of PAF/GNA was much higher when 
fermented at pH 4.5 (80 mg L-1), as opposed to pH 5 (10 mg L-1), exemplifying the fact that 
optimal conditions for protein production cannot be predicted and must be experimentally 
determined on a case by case basis. Fermentation with glucose was performed at pH 4.5, 
resulting in a somewhat decreased expression level of 50 mg L-1 compared to the glycerol fed 
fermentation. The indicated decrease in expression may be attributable to cell density but as 
wet pellet weights were not collected it is not possible to comment on this. The values obtained 
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for the pH 4.5 fermentations are consistent with reported values for large scale expression of 
recombinant GNA by P. pastoris (Baumgartner et al., 2003). Decreased expression level in 
glucose-fed fermentations is contrary to published literature for proteins expressed under the 
control of the GAP promoter but is consistent with results in Chapter 3 (Waterham et al., 1997).  
 The variability of expression level observed between different fermentations is not 
surprising. Quantities of protein produced per litre in bioreactors vary wildly in the literature, 
proteins such as gelatins and human serum albumin both were reported protein content levels 
in the broth of 10 g L-1 or greater, whilst other proteins as little as 1.0 mg L-1 were reported, a 
selection of proteins are summarised in Macauley-Patrick et al., (2005) (Sumi et al., 1999; 
Werten et al., 1999). The expression levels reported in this study are on the lower end of the 
spectrum but fermentation at more optimal pH was shown to positively affect the expression 
level of both proteins. 
Purification by nickel affinity chromatography relies on the interaction of the two 
histidine side chains with a positively charged Ni2+ ion bound to a resin (Bornhorst and Falke, 
2000). PAF bound efficiently to the columns under both fermentation conditions, evidenced by 
the lack of immunoreactive protein in the flow through when analysed by western blot. An 
immunoreactive protein was present in the 1 x binding buffer wash of the pH 4.5 condition, 
suggesting that the protein was not bound tightly to the column and was lost during the washing 
step.  This provides an obvious reason for the difference in recovery observed between the two 
fermentations (pH 4.5: 20 %, pH 5.0: 42 %). The pH in the column would increase rapidly (4.87 
to 7.40), through the pI of the protein, when washing with binding buffer. This rapid change in 
pH may be responsible for the lost protein.  At the loading pH of 4.87 the histidine residues will 
have been in a protonated state, as the pH is below the pI of the protein (6.33), which reduces 
histidine’s capacity to interact with nickel (Bornhorst and Falke, 2000).  
Little decrease was observed in the intensity of immunoreactive bands in flowthough 
and the supernatant samples derived from any of the PAF/GNA fermentations. Poor protein 
column interaction could also be attributed to his-tag availability as was observed with 
PA1b/GNA in Chapter 4. Early attempts to purify PA1b/GNA under denaturing conditions failed 
to result in the recovery of any soluble protein (Chapter 4); whilst PA1b/GNA bound more 
efficiently under denaturing conditions, precipitation during re-folding dialysis using a urea 
gradient resulted in negligible recovery of soluble protein. Therefore, denaturing purification 
was not attempted with PAF/GNA. A second hypothesis for poor binding efficiency is that as the 
pH of the purification buffer was below the pI of the protein (5.54) the his-tag was protonated, 
thereby resulting in reduced binding affinity (Bornhorst and Falke, 2000). As stated previously 
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attempts to raise the pI of the protein resulted in precipitation when the pH neared the pI of the 
protein. Poor column interaction is suspected to be the major reason for low percentage 
recovery of this protein based on the data presented. PAF/GNA fermented at pH 5.0 had the 
most efficient interaction with nickel, showing the largest decrease in intensity between 
supernatant and flow through fractions. However, it also was the only condition in which protein 
was lost during the binding buffer wash, suggesting poor binding of the protein to the 
purification column. 
Soluble PAF concentration in the lyophilised powder derived from pH 4.5 fermentation 
was 10 % (w/w) and from pH 5 was 50 % (w/w). Greater percentages of protein in the lyophilised 
powder is preferred, as it suggests reduced quantities of carbohydrate or insoluble protein, 
which as PAF is glycosylated makes up the remaining powder. Total PAF/GNA recovered (42 mg 
versus 8 mg) and percentage recovery was improved in the pH 5 fermentation (42 % versus 
20 %), possibly as the higher loading pH allowed more protein to bind to the nickel matrix. One 
hundred percent recovery is uncommon during protein purification as protein can be lost at 
each step; protein may not bind to the columns and remain in the supernatant, may precipitate 
during dialysis, or may be insoluble after lyophilisation, evidence for the latter was observed in 
both PAF pH 4.5 and PAF/GNA pH 4.5 fermentations. Analysis of the major recombinant protein 
product by LC-MS suggests that PAF is expressed intact and includes five additional N-terminal 
residues (Glu-Ala-Glu-Ala-Ala, 0.5 kDa) that were not cleaved by the yeast Ste13 gene product 
(Dipeptidyl aminopeptidase A). Additional N-terminal residues in recombinant proteins secreted 
using the S. cerevisiae α-factor secretory signal have been observed previously.  Analysis of 
Hv1a/GNA, GNA/Hv1a and another sulphur rich P. sativum protein by N-terminal sequencing 
and LC-MS detected the presence of these amino acids (Almeida et al., 2001; Powell et al., 2019). 
The presence of these residues and the glycosylation detected by the Schiff assay provide an 
explanation for the increased mass of PAF observed on gel, compared to its predicted sequence. 
Variation was observed in the quantification and recovery of PAF/GNA. Multiple protein 
products were detected by SDS-PAGE after lyophilisation of purified samples, suggesting that 
this protein, as with other insecticidal fusion proteins, is prone to cleavage by yeast proteases 
under these conditions, even when expressed in protease deficient yeast (Fitches et al., 2004, 
2012; Trung et al., 2006). Based on the mass of these bands, it is suspected that the band at 21 
kDa observed in samples derived from the pH 4.5 glycerol fermentation is likely a cleavage 
product of PAF/GNA where the PA1b peptide has been processed as it would be in vivo leaving 
PA1a/GNA (Higgins et al., 1986). The lower 14 kDa bands are likely cleaved GNA products; this 
is often observed in toxin-GNA fusion proteins (Powell et al., 2019; Pyati et al., 2014). Only the 
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25 kDa and 14 kDa band was visible in the pH 4.5 glucose fermentation. Based on the LC-MS 
analysis of the bands present in the glucose sample, it is evident that 25 kDa band represents 
the intact fusion protein. The N-terminal region of GNA was not detected, but it was also not 
detected in the GNA only sample and a similar pattern was observed by Powell et al., (2019). 
The lack of detection was attributed to a large region without trypsin cleavage sites. Similarly, 
to PAF, the extra five residues were also detected on the N-terminus of PAF/GNA, which 
provides an explanation for the increased mass of PAF/GNA observed on gel compared to the 
predicted mass, particularly as no glycosylation was detected by the Schiff blot. The lower band 
was identified as a cleavage product of PAF/GNA despite containing a fragment of PA1b as this 
peptide was detected in the blank between sample injections and in the GNA only sample.  
PAF/GNA fermented at pH 5 displayed reduced agglutination ability when compared to 
PAF/GNA fermented at pH 4.5. Although this was analysed in separate experiments, the controls 
were comparable.  The agglutination threshold for pH 5 PAF/GNA was 10 times higher than that 
of pH 4.5 PAF/GNA, indicating that the GNA portion of PAF/GNA derived from fermentation at 
pH 5.0 is not as functional as that of PAF/GNA derived from pH 4.5 fermentation. The deference 
in activity of GNA observed may be due to formation of the tertiary structure of GNA; 
fermentation at higher pH may result in incorrect folding of the final protein product when fused 
to PAF. Based on this data PAF/GNA from the pH 5.0 fermentation was not used in subsequent 
bioassays (Chapter 6).  
Based on evidence discussed in this chapter, it is apparent that of the conditions tested, 
the optimal fermentation pH for the expression and recovery of recombinant PAF is pH 5.0. By 
contrast, PAF/GNA was produced optimally at pH 4.5 using glucose as a carbon source. Although 
a lower level of expression was observed for PAF/GNA fed with glucose as compared to glycerol, 
a greater quantity of purified recombinant protein was recovered by affinity chromatography 
supporting the findings of Chapter 3. It is difficult to speculate on the specific reasons for why 
these conditions were optimal, as there are many factors which significantly effect protein 
production and even similar proteins can have different optimal conditions. The results 
presented here highlight the importance influence that differing pH and carbon sources can 
have on the recovery of intact and functional recombinant proteins.  
 





Chapter 6 |Biological activity of recombinant pea albumin (PAF) and 
PAF/GNA 
6.1 Introduction  
Pea albumin, PA1b, is a small inhibitor cysteine knot protein, isolated from the seeds of the 
garden pea (Pisum sativum). PA1b purified from pea flour using HPLC, has been shown to be 
orally toxic towards a number of different insect species through specific inhibition of V-ATPase 
proton pumps in the insect gut epithelium (Eyraud et al., 2013; Gressent et al., 2007, 2011; 
Higgins et al., 1986) PA1b is currently the only known proteinaceous inhibitor of V-ATPase 
proton pumps. It selectively inhibits some insect V-ATPases but does not interact with 
mammalian V-ATPases (Chouabe et al., 2011; Gressent et al., 2007; Muench et al., 2014; Rahioui 
et al., 2014). V-ATPase proton pumps are vital for proton gradient generation which facilitate 
numerous transport processes and compartment acidification (Beyenbach and Wieczorek, 2006; 
O’Donnell, 2017). PA1b has also been shown to induce apoptosis in Sitophilus oryzae strain 
WAA42 when delivered orally (Eyraud et al., 2017). The existing oral activity to this peptide 
towards some pest species, with no known effect in mammals, makes it potentially ideal for 
development as a novel insecticidal protein (Rahioui et al., 2014). The lectin  Galanthus nivalis 
agglutinin (GNA) has been shown to bind luminal mannose residues in the in the homopteran 
gut (Powell et al., 1998). The toxicity of PAF may be enhanced by linking it to GNA, which could 
act as an anchor increasing the local concentration of PA1b at the gut epithelium and allowing 
retention near its target site, the luminal side of the V-ATPase transmembrane domain (Muench 
et al., 2014). Linking other small inhibitor cysteine knot proteins to GNA has been shown to 
enhance their oral activity by facilitating transport across the gut epithelium and thus access to 
the central nervous system. This may allow PAF to do the same as V-ATPases are ubiquitous in 
many eukaryotic membranes, although this is not investigated within the scope thesis (Fitches 
et al., 2002, 2004, 2012; Forgac, 2007). Due to problems with the production and purification of 
PA1b/GNA (discussed in Chapter 4), this chapter focuses on the recombinant version of the PAF 
protein (PA1b+PA1a) and the fusion protein PAF/GNA (Chapter 5). The method and optimisation 
of the production and purification of the proteins tested in this chapter are discussed in Chapter 
5. This chapter focuses on testing the insecticidal activity and mechanisms responsible as well 
as focusing on potential mechanisms for differential  toxcictiy observed across different species. 
 
 





6.2 Oral insecticidal activity of recombinant PAF, GNA and PAF/GNA against 
aphids 
Recombinant PAF, GNA or PAF/GNA were fed to nymphs of Acrythosiphon pisum, Myzus 
persicae or Sitobion avenae by incorporating recombinant protein dissolved in PBS or SPB into 
the artificial diet as described in section 2.17. The control diet was made up to the same volume 
as the test diet with PBS or SPB where indicated. The diet was replaced every 48 hours. The 
number of surviving aphids was assessed daily until one condition began producing nymphs. To 
determine if the treated survival curves were significantly different from the control the data 
was analysed by log-rank testing, the p-values are reported where relevant. Based on the 
survival percentages from day five, the LC50 value was calculated, by nonlinear regression 
(Graphpad Prism 8), for each protein against each insect species. The LC50 of a compound is the 
concentration which results in 50 % mortality of the test insects during the assay period. All 
feeding assays for GNA in this section were performed by Dr Prashant Pyati. All of the survival 
assays were performed with samples derived from the pH 4.5 fermentations of both PAF/GNA 
and PAF (Chapter 5). 
 
6.2.1 Oral insecticidal activity of PAF, GNA and PAF/GNA on Acrythosiphon pisum 
When A. pisum were fed on recombinant proteins, a dose-dependent response in 
survival was observed in all experiments, i.e. as concentration decreased aphid survival 
increased. As shown in Figure 6.1A, control survival was 92 % whereas 100 % mortality was 
recorded for aphids fed PAF at concentrations of 1.0 mg mL-1 and 0.75 mg mL-1 on day six and 
nine, respectively. No other protein condition resulted in complete mortality before the end of 
the assay, but survival decreased relative to the control. All treated curves were significantly 
different from the control survival in all conditions: 1.0 – 0.25 mg mL-1 (p < 0.0001), 0.1 mg mL-1 
(p = 0.023). When GNA was fed at concentrations between 0.8 and 0.1 mg mL-1 complete 
mortality occurred at 0.8 mg mL-1 (day nine) and for 0.6 mg mL-1 (day 12) treatments as 
compared to control survival of 92 %. GNA concentrations of < 0.4 mg mL-1 caused a reduction 
in survival but not complete mortality. All survival curves were significantly different from the 
control: 0.8 – 0.2 mg mL-1 (p < 0.0001), 0.1 mg mL-1 (p = 0.0008). For PAF/GNA assays preliminary 
tests indicated that PAF/GNA had to be fed at lower concentrations as compared to PAF or GNA 
to allow LC50 values to be calculated. Day one nymphs were fed PAF/GNA at final dietary 
concentrations of: 0.4, 0.3, 0.2, 0.1 or 0.04 mg mL-1. As seen in Figure 6.1C, control survival was 
100 %. The high concentrations of PAF/GNA, 0.4, 0.3 and 0.2 mg mL -1 resulted in 100 % mortality 
on days three, six and ten, respectively. The remaining conditions resulted in decreased survival 





compared to the control but did not cause 100 % mortality. The treated survival curves were 
compared to the control, and all conditions were found to be significantly different: 0.4 – 0.1 mg 
mL-1 (p < 0.0001), 0.04 mg mL-1 (p = 0.017).  
 
6.2.2 Oral insecticidal activity of PAF GNA and PAF/GNA on Myzus persicae  
In all M. persicae feeding assays, a dose-dependent response was visible for all proteins. 
Recombinant PAF was fed to M. persicae at final dietary concentrations of 2.0, 1.5, 1.0, 0.5 and 
0.1 mg mL-1. The survival of the aphids over time is shown in Figure 6.2A. When fed at a 
concentration of 2.0 and 1.5 mg mL-1 survival dropped to 0 % by day eight. Treatments fed at 
<1.5 mg mL-1 did not result in complete mortality but showed reduced survival compared to the 
control. All PAF treatments were significantly different to the control: 0.25 mg mL-1 (p = 0.026), 
0.5 mg mL-1 to 1.0 mg mL-1 (p < 0.0001). Figure 6.2B shows the survival data for GNA fed at 
between 0.1 mg mL-1 and 0.8 mg mL-1. In this assay control survival was 96% whereas the survival 
of aphids fed on GNA at 0.8, 0.6, 0.4, 0.2 and 0.1 mg mL-1 was 20.0 %, 44.0 %, 72.0 % and 88.0 %, 
respectively. Compared to the control survival all GNA treatments were significantly different: 
GNA 0.2 mg mL-1 (p = 0.0396), GNA 0.4 mg mL-1 (p = 0.0044), GNA 0.6 and 0.8 mg mL-1 (p < 
0.0001). Figure 6.2C shows the results of feeding PAF/GNA at final dietary concentrations of 
between 0.1 mg mL-1 to 1.0 mg mL-1 . Whilst control survival was 100 % on day 11 complete 
mortality was recorded in the PAF/GNA 1.0 and 0.75 mg mL-1 treatments by day eight and ten, 
respectively. Dietary concentrations of < 0.75 mg mL-1 caused a reduction in survival did not 
result in complete mortality. The PAF/GNA treatments 0.25 mg mL-1 (p = 0.029) and 1.0 to 0.5 
mg mL-1 curves (p < 0.0001) were significantly different to the control.  
  






Figure 6.1 Survival of A. pisum fed on recombinant PAF, GNA or PAF/GNA. Purified 
recombinant proteins re-suspended in PBS were incorporated into artificial diet to give final 
concentrations as shown. The control treatment consisted of the diet with an equivalent volume 
of added PBS. A: Day one nymphs were fed on artificial diet containing 1.0, 0.75, 0.5, 0.25 and 
0.1 mg mL-1 PAF. B: Day one nymphs were fed on artificial diet containing 0.8, 0.6, 0.4, 0.2, 0.1 
mg mL-1 GNA. C: Day one nymphs were fed on artificial diet containing 0.4, 0.3, 0.2, 0.1, 0.04 mg 
mL-1 PAF/GNA. Each treatment consisted of 2 replicates of 15 nymphs. The GNA survival curve 
was generated from data produced by Dr Prashant Pyati. 
 






Figure 6.2 Survival of M. persicae fed on recombinant PAF, GNA or PAF/GNA. Purified 
recombinant proteins re-suspended in PBS were incorporated into artificial diet, to give the final 
concentrations shown. The control treatment consisted of the diet with an equivalent volume 
of PBS added. A: Day one and two nymphs were fed on artificial diet containing 2.0, 1.5, 1.0, 0.5, 
and 0.1 mg mL-1 PAF. B: Day one nymphs were fed on artificial diet containing 0.8, 0.6, 0.4, 0.2, 
0.1 mg mL-1 GNA. C: Day one and two nymphs were fed on artificial diet containing 1.0, 0.75, 
0.5, 0.25 and 0.1 mg mL-1 PAF/GNA. Each treatment consisted of 2 replicates of 15 nymphs. The 
GNA survival curve (B) was generated from data produced by Dr Prashant Pyati. 
 





6.2.3 Oral insecticidal activity of PAF, GNA and PAF/GNA on Sitobion avenae  
Recombinant PAF or PAF/GNA were fed to one to two-day old nymphs of S. avenae, at 
final dietary concentrations of: 1.0, 0.75, 0.5, 0.25, 0.1 mg mL-1. GNA was fed at 0.8, 0.4, 0.2, 0.1 
mg mL-1. As shown in Figure 6.3, a dose-dependent response was visible in all three assays. The 
control survival was > 90 % in all assays. Complete mortality was recorded for PAF at 
concentrations of 1.0, 0.75 and 0.5 mg mL-1 on day four, six and seven, respectively. All PAF 
survival curves were significantly different to the control, PAF 0.1 mg mL-1 (p = 0.0138), 0.25 mg 
mL-1 (p = 0.0019), 0.5 mg mL-1, 0.75 mg mL-1 and 1.0 mg mL-1 (p < 0.0001). Whilst none of the 
GNA concentrations tested resulted in complete mortality, survival, relative to controls was 
reduced by 30.0 %, 20.0 %, 10.0 % and 5.0 % after 7 days of feeding on GNA at 0.8, 0.4, 0.2 and 
0.1 mg mL-1. Only GNA at 0.4 mg mL-1 (p = 0.013) and 0.8 mg mL-1 (p = 0.0003) were found to be 
significantly different from the control condition. By contrast, PAF/GNA at concentrations of 1.0, 
0.75 and 0.5 mg mL-1 resulted in 100 % mortality by days four, five and six, respectively. Dietary 
concentrations of < 0.5 mg PAF/GNA mL-1 caused a reduction in survival relative to the control 
treatment but did not cause total mortality. Survival curves for PAF/GNA at 1.0, 0.75 and 0.5 mg 
mL-1 were significantly different to control survival (p < 0.0001). 






Figure 6.3 Survival of S. avenae fed on recombinant PAF, GNA or PAF/GNA. Purified 
recombinant proteins re-suspended in PBS were incorporated into the artificial diet to give the 
final concentrations shown, the control consisted of the diet with an equivalent volume of PBS 
added. A: Day 1 nymph aphids were fed on artificial diet containing 2.0, 1.5, 1.0, 0.5, and 0.1 mg 
mL-1 PAF. B: Day 1 nymphs were fed on artificial diet containing 0.8, 0.4, 0.2, 0.1 mg mL-1 GNA. 
C: Day 1 nymph aphids were fed on artificial diet containing 1.0, 0.75, 0.5, 0.25 and 0.1 mg mL-1 
PAF/GNA. Each treatment consisted of 2 replicates of 13 nymphs. The GNA survival curve (B) 
was generated from data produced by Dr Prashant Pyati. 





6.2.4 LC50 Comparison 
The LC50 values were calculated from survival percentages on day five, by nonlinear 
regression using prism 8 as described in section 2.15. The software, (Graphpad Prism 8) fits the 
log of the survival data to a curve, and in instances where survival did not drop below 50 % 
extrapolates the result, this reduces the accuracy of the value as seen in the large confidence 
interval of the GNA condition of S. avenae, this is obviously not ideal, but in this instance it is the 
best available. These values and the 95 % confidence intervals (CI) were converted from mg mL-
1 to nmol mL-1 to enable a direct comparison of protein toxicity on a molar basis rather than 
based on the mass of protein. Overlapping 95 % CIs were taken to mean a lack of significant 
difference between LC50s. The LC50s and 95 % CI values has been collated into Table 6.1. When 
fed to A. pisum, PAF/GNA had a significantly lower LC50 than either of the two constituent 
proteins (PAF and GNA) 12 and 12.9 times lower, respectively. In M. persicae PAF/GNA had an 
LC50 3.5 times lower than PAF and 2.3 times lower than GNA. As the 95 % CIs from the LC50 
calculations did not overlap LC50 values for PAF and PAF/GNA were deemed to be significantly 
different for both A. pisum and M. persicae. Sitobion avenae was the exception to this as the 
95 % CIs overlapped for PAF/GNA (LC50 15 nmol mL-1) and PAF (LC50 36 nmol mL-1). The LC50 for 
GNA against S. avenae was found to be substantially higher than the LC50 of PAF/GNA or PAF. 
Recombinant PAF was found to be most active against S. avenae (LC50 36 nmol mL-1), followed 
by A. pisum (LC50 58 nmol mL-1) and M. persicae (115 nmol mL-1). Recombinant GNA was 
observed to be similarly toxic to both A. pisum (LC50 62 nmol mL-1), M. persicae (LC50 78.6 nmol 
mL-1), but substantially less effective when fed to S. avenae (LC50 186 nmol mL-1). Finally, 
recombinant PAF/GNA was most effective against A. pisum (LC50 5 nmol mL-1) followed by S. 
avenae (LC50 15.0 nmol mL-1) and least effective against M. persicae (LC50  33 nmol mL-1). The 
LC50s for PAF and PAF/GNA were significantly different in all species, whereas only the S. avenae 
GNA LC50 differed significantly from the other species (Table 6.1). 
  





Table 6.1 LC50 values (day five) and 95 % confidence intervals for PAF, GNA and PAF/GNA 
against A. pisum, M. persicae, and S. avenae. GNA data was calculated based on feeding assays 









(A. pisum) nmol mL-1 
Peach-potato aphid     
(M. persicae) nmol mL-1 
Grain aphid 
(S. avenae) nmol mL-1 
LC50 95% CI LC50 95% CI LC50 95% CI 
PAF 58 52 - 94 112 111 – 114 22 10 – 22 
GNA 62 50 - 77 79 65 – 94 181 102 - 755 
PAF/GNA 5 3 - 7 34 29 - 38 15 13 - 36 





6.3 Effects on fecundity of aphids fed on recombinant pea albumin (PAF) or 
PAF/GNA 
The effect of PAF/GNA and PAF on the fecundity of A. pisum and M. persicae was 
assessed by counting nymphs produced by aphids fed on recombinant proteins up to day 16 
after the onset of the assay; total nymphs were divided by the number of non-winged adults 
present at the beginning of nymph production in the survival assays presented previously. 
Results presented in Figure 6.4, show that adults fed on PAF or PAF/GNA produce lower numbers 
of nymphs at the higher sublethal concentrations tested. All feeding regimes showed a dose-
response, with decreasing nymph production as protein concentration increased. Feeding PAF 
or PAF/GNA to A. pisum or M. persicae caused a 100 % reduction in fecundity relative to the 
control at the highest concentration tested in each experiment. Conversely, the lowest 
concentration of PAF fed to A. pisum appeared to increase fecundity slightly over the control. 
PAF/GNA appeared to have a greater effect on A. pisum and M. persicae fecundity than PAF as 
when fed at the same concentration of 0.1 mg mL-1 the PAF treatment produced a mean of 2.7 
nymphs per adult, whilst PAF/GNA produced no nymphs. Similarly, when fed to M. persicae PAF 
and PAF/GNA 0.1 mg mL-1 treatments each produced a mean of 3.8 and 3.1 nymphs per adult, 
respectively.   






Figure 6.4 The effect of PAF and PAF/GNA on the fecundity of A. pisum and M. persicae. The 
bars represent the number of nymphs produced per non-winged adult by day 16 of the feeding 
assays. The number stated above the bar shows the number of non-winged (winged) adults 
present at the beginning of nymph production. This data was produced from a single feeding 
assay for each protein-species combination. 
  





6.4 Retention of PAF and PAF/GNA in the A. pisum gut  
As demonstrated by the LC50s, PAF/GNA is 12 times more active against A. pisum than 
PAF alone. GNA could be enhancing activity by anchoring PAF in the vicinity of V-ATPase proton 
pumps in the gut epithelium, through binding to mannose containing glycoproteins present on 
the lumen surface. To investigate if differences existed in the persistence and/or binding of the 
different proteins to the aphid gut epithelia a pulse-chase experiment was conducted. To this 
end, PAF, PAF/GNA, GNA and ovalbumin were labelled with fluorescein isothiocyanate (FITC), 
with ovalbumin acting as a control as it should not interact with the epithelial membrane. Five-
day old A. pisum were fed on diets containing FITC labelled proteins (8 nmol mL-1 of PAF, 8 nmol 
mL-1 PAF/GNA, 8 nmol mL-1 of GNA or 5 nmol mL-1 of ovalbumin [Sigma-Aldrich, St. Louis, USA]) 
and propidium iodide (100 ng μL-1), as a counterstain, for 24 hours. They were subsequently fed 
on artificial diet containing propidium iodide (100 ng μL-1), but without fluorescently labelled 
proteins, for 24 or 48 hours. The guts were dissected and imaged immediately. PAF samples 
used in this experiment were derived from the pH 5.0 fermentation, PAF/GNA from the pH 4.5 
glucose fermentation and GNA from the glycerol fermentation (Chapter 5, Chapter 3). 
In all conditions, where visible, the protein appeared to be localised to the bulbous 
structure of the anterior midgut. Representative images for each condition are shown in Figure 
6.5. The control and ovalbumin fed conditions showed no visible fluorescence; and only minor 
fluorescence was detected when the pixel intensity was analysed using FIJI (Figure 6.6). 
Fluorescence is visible in both PAF and GNA fed conditions after chase feeding for 24 hours, and 
reduced fluorescence is visible in guts extracted after 48 hours. The intensity of the fluorescence 
was much higher in the PAF/GNA condition after both 24 and 48-hour chase feeding. This 
pattern is also observed when the mean pixel intensity is quantified across multiple dissected 
samples (Figure 6.6).  Mean pixel intensity was quantified as described in section 2.24. The mean 
intensity of the traced area was then averaged, unpaired Welch’s t-tests were performed to 
determine significant difference compared to the PAF/GNA condition. PAF/GNA was found to 
be significantly more intense than all the other conditions tested across both time points (24 
hours: p < 0.0005; 48 hours: p < 0.05; Welch’s t-test).  
In initial experiments PAF and GNA displayed substantial fluorescence when imaged 
after 24 and 48 hours. However due to the increased fluorescence observed in the PAF/GNA 
treatments, laser power had to be reduced to prevent saturation of the PAF/GNA images and 
consistency across conditions was required to allow accurate measurement of pixel intensity 
across all images using standardised imaging settings.  
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Figure 6.5 Confocal images of A. pisum dissected guts in a pulse-chase feeding experiment with 
FITC labelled proteins. Day five aphids were fed for 24 hours on an artificial diet containing FITC 
labelled protein and propidium iodide (counterstain). Aphids were then chase fed with artificial 
diet plus propidium iodide for 24 or 48 hours. Guts were dissected in sterile ice-cold PBS and 
imaged immediately using a Zeiss 880 LSM. The following settings were used to capture all 
images above: Objective: Plan-Apochormat 20x/0.8 M27, propidium iodide was excited with a 
543 nm laser on 1.5% power, wavelengths were collected between 584-735 nm, gain: 800. FITC 
was excited with a 488 nm on 0.5% power; wavelengths were collected between 493-572nm, 
gain: 575. 






Figure 6.6 Average pixel intensity of A. pisum gut from confocal imaging of a pulse-chase 
experiment with FITC labelled proteins. GNA, PAF and PAF/GNA were fed at 8 nmol mL-1 and 
ovalbumin was fed at 5 nmol mL-1. Pixel intensity was measured using the measure function of 
FIJI, the gut was traced using the outline provided by the propidium iodide counterstain and 
then fluorescence in the green wavelength was measured. The mean pixel intensity was taken 
for a minimum of six dissected guts per treatment and standard error was calculated. Pairwise 
T-testing was used to determine statistical significance * = p < 0.05 when compared to PAF/GNA. 
** = p < 0.0005. Error bars = standard error. 
 





6.5 Stability of PAF, GNA and PAF/GNA when exposed to A. pisum and M. 
persicae salivary secretions in the diet 
The stability of the recombinant proteins within the diet mixture was assessed when 
exposed to salivary secretions from A. pisum and M. persicae. This was done by collecting diet 
spiked with recombinant protein at four time points over 48 hours (4 h, 8 h, 24 h and 48 h) of 
continuous aphid feeding and western blotting. A no-aphid control was also maintained under 
the same conditions. Recombinant proteins used in this assay were derived from the same 
fermentations as in section 6.4. 
 Recombinant PAF is moderately stable in the presence of aphid salivary secretions. In 
Figure 6.7, immunoreactive bands at the predicted mass were visible after 48 hours; no other 
immunoreactive bands were visible. After 48 hours of exposure to both A. pisum and M. persicae 
salivary secretions PAF showed reduced intensity by approximately 50 %. This is likely due to the 
cleavage of the C-terminal his-tag at the assay temperature (20 °C) as the no aphid 48-hour 
control also has reduced immunoreactivity. This is not unexpected as the his-tag on the C-
terminus is likely exposed and therefore prone to cleavage by environmental proteases.  
 The stability of recombinant GNA exposed to the salivary secretions of day five A. pisum 
and M. persicae is shown in Figure 6.8. An immunoreactive band for both anti-GNA and anti-His 
antibodies can be seen at 14 kDa, the predicted molecular weight of GNA. After 48 hours of 
feeding the intensity of the immunoreactive band was approximately equal to that of the 0 hours 
no aphid control. There is a decrease in intensity after 48 hours in Figure 6.8B, which is likely 
due to proteolytic cleavage of the his-tag. A dark immunoreactive strip across the blot at 
approximately 20 kDa in Figure 6.8A, is suspected to be GNA contamination of one of the 
components involved in running sodium dodecyl sulphate polyacrylamide gel electrophoresis 
(SDS-PAGE) gels.  
The immunointensity of PAF/GNA was stable over time in diet samples exposed to A. 
pisum or M. persicae salivary secretions, as displayed in Figure 6.9A. There was a slight decrease 
in immunointensity at the 48-hour time point in A. pisum that was not observed in M. persicae. 
M. persicae showed a decrease in intensity between 4 and 8 hours then remained stable. By 
contrast, when probed with anti-his antibodies PAF/GNA was not detectable after 4 hours of M. 
persicae feeding, suggesting that salivary secretions contain proteases capable of cleaving the 
his-tag present at the C-terminus of PAF/GNA.   






Figure 6.7 Stability of PAF to degradation by aphid salivary secretions over time. Western blot 
probed with anti-His antibodies of artificial diet samples containing PAF after A. pisum and M. 
persicae feeding for designated time points (n=15 aphids per treatment). NA represents diet 
plus PAF control (no aphid feeding) and recombinant GNA was used as a positive control. 
Position of protein marker mix (Thermo) run on the same gel is depicted on the left-hand side. 





















Figure 6.8 Stability of GNA to degradation by aphid salivary secretions over time. Western blot 
of artificial diet samples containing GNA after A. pisum and M. persicae feeding for designated 
time points probed with anti-GNA (A) and anti-His (B) antibodies. NA represents diet plus GNA 
control (no aphid feeding). Recombinant GNA was used as a positive control. Position of protein 
marker mix (Thermo) run on the same gel is depicted on the left-hand side. The arrow indicates 
the expected protein mass.  
 



























Figure 6.9 Stability of PAF/GNA to degradation by aphid salivary secretions over time. Western 
blot of artificial diet samples containing PAF/GNA after A. pisum and M. persicae feeding for 
designated time points. Blots probed with anti-GNA (A) and anti-His (B) antibodies. NA 
represents diet plus PAF/GNA control (no aphid feeding). Recombinant GNA was used as a 
positive control. Position of protein marker mix (Thermo) run on the same gel is depicted on the 









6.6 In vivo stability of orally delivered PAF, GNA and PAF/GNA in A. pisum and 
M. persicae 
The stability of PAF, GNA and PAF/GNA in vivo was assessed by continuously feeding 
proteins (at final dietary concentrations of 0.4 mg mL-1 ) in artificial diet to five day old A. pisum 
and M. persicae. Fifteen aphids per time point for each treatment were flash frozen at each 4, 
8, 24 and 48 hours. Protein stability in vivo was analysed by western blotting of 60 µg total aphid 
protein extract, estimated by BCA assay. Recombinant proteins used in this assay were derived 
from the same fermentations as in section 6.4. Assessment of the stability of PAF in vivo was not 
possible as no protein was detectable in any protein extract when probed with anti-his 
antibodies, at any of the time points in this experiment, indicating that the histidine tag is rapidly 
cleaved by A. pisum and M. persicae gut proteases (Figure 6.10). GNA stability in vivo is shown 
in Figure 6.11. In Figure 6.11A, an immunoreactive protein was detected in aphid extracts with 
orally delivered GNA at approximately 13 kDa. This is approximately 1 kDa smaller than the 
predicted mass of GNA, suggesting some cleavage of the his-tag by aphid gut proteases in both 
species. Generally, the intensity of the immunoreactive band increased over time in both species 
(indicative of retention of ingested protein), although it increased at a greater rate in M. persicae 
treatments up to 24 hours. At 48 hours the M. persicae extract shows decreased intensity of the 
immunoreactive band corresponding to PAF/GNA cleavage products. The decrease is possibly 
related to reductions in feeding. A cross reactive protein was visible at 45 kDa in all lanes 
including time 0. The presence of an immunoreactive strip across the blot at approximately. The 
18 kDa protein is suspected to be GNA contamination from one of the components involved in 
running SDS-PAGE gels. As with PAF, GNA was not detectable by probing with anti-his antibodies 
providing further evidence that the his-tag is highly susceptible to proteolytic cleavage (Figure 
6.11B). 
 Intact fusion protein was not visible at any time point in Figure 6.12A. After 4 hours of 
A. pisum feeding immunoreactive bands are visible at 20 kDa and approximately 13 kDa are 
presumed to be cleavage products of PAF/GNA. From 8 hours onward the 20 kDa band is not 
detected and the 13 kDa band fades. This is the opposite to observations in M. persicae, two 
immunoreactive bands at approximately 13 and 14 kDa are present in all time points. 
Unfortunately, due to an artefact 4 h and 8 h timepoints were partially obscured, but intensity 
of the low MW band appears to increase with time, whilst the 14 kDa band remains stable. A 
cross-reactive band between 45-60 kDa was observed in M. persicae samples, this is expected 
in A. pisum timepoints, however incomplete protein transfer occurred at high molecular weights 
in these lanes, based on the background signal. A black line at approximately 18 kDa is visible in 
all lanes’ this is present due to GNA contamination of one of the SDS-PAGE components. 
 
 







Figure 6.10 In vivo stability of PAF to proteolysis in the gut of A. pisum and M. persicae. 
Western blot probed with anti-His antibodies of total aphid protein extracts (60 μg per lane) 
after feeding on artificial diet containing 0.4 mg mL-1 PAF for designated time points. 200 µg PAF 
was used as a positive control. Position of protein marker mix (Thermo) run on the same gel is 

























Figure 6.11 In vivo stability of GNA to proteolysis in the gut of A. pisum and M. persicae. 
Western blot probed with anti-GNA (A) and anti-His (B) antibodies of total aphid protein extracts 
(60 µg per lane) after feeding on artificial diet containing 0.4 mg mL-1 GNA for designated time 
points  200 ng GNA was used as a positive control. Position of protein marker mix (Thermo) run 
on the same gel is depicted on the left-hand side. The arrow indicates the expected protein 
mass.  








Figure 6.12 In vivo stability of PAF/GNA to proteolysis in the gut of A. pisum and M. persicae. 
Western blot of aphid protein extracts (60 μg per lane) after feeding on artificial diet containing 
0.4 mg mL-1 PAF/GNA for designated time points probed with anti-GNA antibodies. PAF/GNA 
was used as a positive control. Position of protein marker mix (Thermo) run on the same gel is 
depicted on the left-hand side. The arrow indicates the expected protein mass. 
  





6.7 Free choice feeding assays 
The target site of PA1b is a key component in nutrient transport and pH maintenance of 
the insect gut. Disruption of V-ATPase function might result in anti-feeding behaviour and cause 
aphids to seek new food sources. To investigate this day one A. pisum nymphs and day one and 
two M. persicae nymphs were supplied with a choice of two diets, one containing either 
PAF/GNA, PAF, GNA or ovalbumin (Sigma-Aldrich, St. Louis, USA) and a control containing PBS. 
Recombinant proteins used in this assay were derived from the same fermentations as in section 
6.4. The two diets were placed on separate halves of a 3 cm diameter aphid feeding chamber 
sandwiched between two layers of parafilm (Figure 6.13B). The number of aphids that 
congregated on each diet after 24 and 48 hours were counted, and a mean calculated from six 
replicates of 20 aphids (Figure 6.13A). The mean number of A. pisum feeding on the control diet 
after 24 and 48 hours was significantly higher compared to all protein conditions (p < 0.05, 
Welch’s t-test) except for ovalbumin where there was no significant difference in the number of 
aphids feeding on either diet (p > 0.05, with no added protein whether this be  PAF, GNA, or 
PAF/GNA. Myzus persicae did not display a significant preference for any diet (p > 0.05, Welch’s 
t-test), except after 48 hours there were more insects on control diet than on diet with PAF/GNA 





















Figure 6.13 Mean number of aphids on each diet when given a choice between diet containing 
PAF/GNA, GNA and PAF. A: Shows the mean number of aphids present on each diet. PAF/GNA: 
0.4 mg mL-1, PAF: 0.2 mg mL-1 and GNA: 0.2 mg mL-1. Bars represent the mean value of six 
replicates, n = 20. Error bars represent ± SD of the mean. B: An example of the free choice assay 
setup, protein containing diet are left of the line, control diet to the right, only aphids within the 
diet were counted as feeding on the diet.   






PA1b is an interesting protein for development as unlike traditional pesticides classes it 
does not target the insect nervous system but instead inhibits V-ATPase proton pumps, present 
in the insect gut epithelial membrane, which are responsible for nutrient uptake and ion balance 
(Beyenbach and Wieczorek, 2006; Chouabe et al., 2011; Wieczorek et al., 2000). It is thought to 
bind to the c-subunits present on the apical membrane surface and prevent rotation of the 
pump by binding to the static e-subunit, which is required for proton transport (Muench et al., 
2014). Publications relating to the oral activity of PA1b in insects are limited to two papers and 
a patent one relating to weevils and one which assessed toxicity towards a number of different 
species (Delobel et al., 1998; Gressent et al., 2003, 2007). Pea flour was also found to be toxic 
to a large number of Sitophilus strains this has since been attributed to the presence of PA1b in 
the flour (Delobel et al., 1998). Further reference to expanded toxicity towards a range of species 
is referenced by personal communication in a review by Gressent et al., (2011).  
This chapter provides evidence to demonstrate that linking PAF (PA1b+PA1a) to GNA 
enhances its biological activity when fed to the aphids Acrythosiphon pisum and Myzus persicae 
but not when fed to Sitobion avenae. A. pisum was significantly more susceptible than M. 
persicae. The effect on fecundity was also assessed, and dose-dependent effects on nymph 
production were observed. The increased retention of PAF/GNA compared to PAF or GNA in the 
A. pisum gut up to 48 hours after feeding was demonstrated using fluorescent confocal 
microscopy and provides an explanation for PAF/GNA increased toxicity. In vivo stability assays 
were carried out to determine if the reduced activity towards M. persicae is due to reduced 
protein stability when exposed to aphid salivary secretions or gut proteases. This was not found 
to be the case. Finally, antifeeding effects were assessed by conducting a free choice assay for 
each protein and assessing the number of aphids feeding on each protein after a period of 24 
and 48 hours, A. pisum displayed a significant preference for the control diet over PAF/GNA, PAF 
and GNA. 
Both recombinant PAF and PAF/GNA showed insecticidal activity when supplied in 
artificial diet to three different aphid species. Linking PAF to GNA led to a 12-fold decrease in 
LC50 against A. pisum and a 4-fold decrease of LC50 against M. persicae as compared to PAF alone, 
suggesting that the proteins are inhibiting V-ATPase proton pumps. Gressent et al., (2007) 
examined the oral insecticidal activity of PA1b, purified from pea seeds using reverse phase 
HPLC, against insects from various orders, including A. pisum and M. persicae. The molar 
concentration required by the authors to cause 100 % mortality in A. pisum (135 nmol mL-1) after 
6 days was somewhat higher than required in this study (PAF: 86.2 nmol mL-1; PAF/GNA: 12.6 





nmol mL-1). The same study showed PA1b purified from pea seeds at 270 nmol mL-1 caused no 
mortality when fed to M. persicae, which is two-fold and eight-fold greater than the LC50 of PAF 
and PAF/GNA toward the same species. PA1b was also found to have an IC50  against Sf9 cells of 
87 nmol mL-1 (Rahioui et al., 2014). The recombinant PAF (PA1b + PA1a) produced in this study 
is more effective against both M. persicae and A. pisum than PA1b purified directly from pea 
seeds. The additional protein in PAF, PA1a, is not toxic to Sf9 cells in its own regard and is unlikely 
to be directly contributing to toxicity (Chouabe et al., 2011; Higgins et al., 1986). One could 
hypothesize that this result is a consequence of its increased size, 11.6 kDa versus 3.7 kDa, PA1b 
functions by inhibiting proton transport by physically preventing the rotor movement by binding 
to the c-subunit and jamming against the e-subunit of V-ATPase (Muench et al., 2014). Whereas 
fusion of GNA to PAF resulted in significantly enhanced efficacy, as compared to PAF alone, 
towards A. pisum and M. persicae this was not the case for S. avenae.  Speculation on this topic 
led to the hypothesis that perhaps S. avenae has very few mannose-glycoproteins in the gut 
epithelium. The reduced presence of mannosylated gut epithelial proteins would reduce the 
ability of GNA to bind to the gut epithelium and this may explain both the high LC50 of GNA and 
the lack of significant difference in insecticidal activity between PAF/GNA and PAF.  
The calculated LC50 values from Dr Prashant Pyati’s recombinant GNA feeding trails were 
62 nmol mL-1, 79 nmol mL-1 and 181 nmol mL-1 for A. pisum, M. persicae and S avenae 
respectively. These values are generally high compared to feeding trials of A. pisum and M. 
persicae performed with GNA purified from snowdrop (Rahbé et al., 1995b; Sauvion et al., 1996). 
This reduced toxicity may be due to the use of a C-terminally truncated version of GNA (105 
residues) in the assays reported here versus the native (109 residue) protein, and this may 
interfere with the ability of GNA to form tetramers through C-terminal strand exchange and 
effect activity (Hester et al., 1995). These results suggest that the observed significantly greater 
efficacy of PAF/GNA as compared to GNA and PAF is not simply attributable to the additive 
effects of GNA and PAF but that there is a synergistic effect.  
Controlling fecundity is a key factor to consider in aphid management as due to their 
parthenogenic lifestyle aphid populations can increase rapidly. Myzus persicae can begin 
reproducing 12 days after birth and one adult can produce up to 80 nymphs over its life time 
(van Emden et al., 1969). A single apterous A. pisum can produce upwards of 90 nymphs when 
feeding on P. sativum over the course of its 30 day lifetime with nymph production beginning 
between day 7 and 10 (Legrand and Barbosa, 2000). As compared to controls, dose-dependent 
decreases in fecundity were generally observed when A. pisum or M. persicae were fed on sub-
lethal concentrations of PAF or PAF/GNA. Feeding on PAF/GNA resulted in greater reductions in 





fecundity compared to feeding on PAF for both A. pisum and M. persicae. Despite the lack of 
literature on the effect of PA1b on fecundity, decreased nymph production is not surprising. 
RNAi mediated knockdowns of V-ATPase subunits A and E have resulted in significant reductions 
in the fecundity in another hemipteran pest Cimex lectularius (Basnet and Kamble, 2018). In 
general metabolic challenges to can reduce aphid fecundity; Douglas et al., (2006) demonstrated 
that both high and low concentrations of sucrose in artificial diets result in reduced fecundity 
and Watt (1979) observed that aphids feeding on senescent wheat leaves (reduced nutritional 
value) displayed reduced fecundity compared to aphids feeding on the ears or new leaves 
(greater nutritional value). Further, the fusion protein Hv1a/GNA and GNA both caused a 
decrease in M. persicae fecundity when fed at 0.25 mg mL-1  (Nakasu et al., 2014b). Further data 
from our lab demonstrates that sublethal concentrations of GNA and GNA based fusion proteins 
generally cause reduced fecundity in M. persicae, 0.1mg mL-1 concentrations of GNA, Pro-
Hv1a/GNA, PI1a/GNA all caused a > 50 % reduction in nymphs per non-winged adult compared 
to the control (Pyati - unpublished data). 
Localisation and retention of PAF/GNA at the gut epithelium was suspected to be the 
cause of the significant increase in toxicity observed when A. pisum was fed with PAF/GNA 
compared to PAF. Evidence for GNA localisation in the hemipteran gut has been shown 
previously (Powell et al., 1998; Yang et al., 2014). Confocal microscopy in conjunction with FITC 
labelled PAF/GNA, PAF, GNA and ovalbumin was used to examine the fluorescence retained in 
the gut in chase feed experiments. Retained fluorescence after clearance of diets containing 
proteins from the gut by chase feeding was assumed to be due to binding of labelled proteins 
to the gut epithelium. In preliminary experiments both PAF and GNA showed binding in the 
stomach (anterior midgut) as observed for PAF/GNA; however imaging settings and laser power 
had to be adjusted to account for the increased fluorescence of PAF/GNA resulting in data that 
appears to show little binding of PAF and GNA. These results provide evidence to suggest that 
the augmented activity of PAF/GNA is a result of protein anchoring and localisation to the 
epithelial membrane. Localisation to the stomach region was somewhat surprising as GNA 
localisation in the N. lugens (Brown plant hopper) gut was generally in the intestinal region 
(posterior midgut) (Powell et al., 1998). The observed binding of PAF/GNA was more akin to that 
observed with mannose-glucose lectin (ConA) was shown to also bind in the stomach region on 
the A. pisum (Sauvion et al., 2004). The stomach region of the hemipteran gut is associated with 
secretion and increased cathepsin activity, and implicated in the digestion of protein, it has also 
been shown to be slightly more acidic than the remainder of the A. pisum gut which may imply 
an increased proportion of V-ATPase proton pumps (Cristofoletti et al., 2003; Ponsen, 1972). 





Similar results were demonstrated in Yang et al., (2014), the toxicity of amaurobitoxin/GNA was 
enhanced over its constituent components and both GNA and the fusion protein were shown by 
fluorescence microscopy to be localised to the A. pisum gut and retained after 48 hours of chase 
feeding with control diet. As Yang et al., (2014) performed microscopy on whole insects 
determination of the region in which PI1a/GNA localised was not possible based on the data 
presented and the author did not comment further on the topic. Anchoring PAF via the binding 
of GNA to the gut epithelia may act to facilitate prolonged interactions with V-ATPase pumps, 
as compared to PAF alone, thus resulting in the observed enhanced toxicity to A. pisum. 
 The LC50 values for PAF and PAF/GNA were respectively two-fold and seven-fold higher 
for M. persicae as compared to A. pisum. This difference may be attributable to reduced stability 
of the proteins due to higher proteolytic activity in the gut or salivary secretions of M. persicae 
as compared to A. pisum. Previous studies have shown that proteolysis is detrimental to the 
activity of GNA fusion proteins (Fitches et al., 2004; Nakasu et al., 2014b). As aphids are known 
to secrete saliva into the leaves of plants to predigest nutrients the stability of PAF/GNA, PAF 
and GNA in diet exposed to feeding aphids was assessed. All three proteins appeared similarly 
stable in both species over 48 hours, with some minor degradation of PAF visible in both species 
and cleavage of the C-terminal his-tag of PAF/GNA in M. persicae treatments. Western analysis 
of soluble protein extracts prepared from aphids fed on PAF/GNA failed to detect intact 
PAF/GNA at any time point in either species, suggesting rapid proteolytic cleavage of the fusion 
protein in both species. The lack of intact PAF/GNA present in the A. pisum extracts appears to 
contradict confocal microscopy results that demonstrate PAF/GNA, and to a lesser extent, GNA 
and PAF bind to the gut epithelium presumably via interacting either with membrane-bound 
mannose-glycoproteins or V-type ATPase pumps.  However, only the soluble protein fraction 
was extracted and analysed in the in vivo stability assays and it is possible that intact PAF/GNA 
was present in the insoluble protein fraction that would include membrane bound proteins and 
thus was not detected. 
The intensity of immunoreactive cleavage products in A. pisum extracts decreased over 
time whereas the opposite was observed for M. persicae, suggesting that pea aphids consumed 
less diet over time, and this may be due to antifeedant effects. Further, albeit indirect support 
for antifeedant effects is suggested by feeding choice experiment results where A. pisum 
showed an increased preference for control over fusion protein diets as compared M. persicae.  
 Unfortunately attempts to evaluate PAF stability in vivo were unsuccessful as the 
histidine tag used for detection of the recombinant protein by western blotting was found to be 
rapidly cleaved in the gut of both species. In vivo experiments showed that GNA was resistant 





to proteolysis in both aphid species although susceptibility to cleavage of the C-terminal 
histidine tag was evidenced by a reduction in mass (by approximately 1 kDa) of the 
immunoreactive band in blots probed with anti-GNA antibodies and a complete absence of 
immunoreactivity in blots probed with anti-histidine antibodies, as was seen for PAF. GNA 
stability and activity in the hemipteran gut has been demonstrated previously (Powell et al., 
1998). Based on a limited number of previous studies it seems that differences in toxicity of PAF 
to the different aphid species is unlikely to be due to differences in stability to gut proteolysis. 
For example Gressent et al., (2007), suggested that the degradation of PA1b is unlikely to be the 
mechanism of resistance to the toxic effects of this peptide, as three extracts from insensitive 
insects (Mamestra brassica, Aphis gossypii, and Drosophila melanogaster) and multiple 
commercial enzymes failed to degrade the protein. Unfortunately, the reason for differential 
toxicity between species remains unclear as the same study also demonstrated that the 
epithelial membranes  of both sensitive and insensitive species  display binding activity with 
radio labelled PA1b (Gressent et al., 2007). The findings suggest the presence of a membrane 
bound binding site even in insensitive species. The binding site is now known to be the c- subunit 
of the V0-ATPase proton pump (Chouabe et al., 2011; Muench et al., 2014). Further work is 
required to elucidate the mechanism by which the selectivity of the toxin is conferred.  
 Previously, Powell et al., (1995) demonstrated antifeedant effects of GNA towards the 
homopteran brown planthopper (N. lugens). Initially evidence for suspected antifeedant 
properties of PAF, GNA and PAF/GNA was sought by weighing feeding chambers to assess the 
mass of diet consumed but this was unsuccessful due to inconsistent control values. Instead, a 
free choice assay was performed as an indirect method of assessing antifeedant effects 
assuming that if aphids preferentially feed on the control diet, it is due to unappealing properties 
of the test diet. The experimental set up was based on that published by Ghosh et al., (2016). 
When A. pisum or M. persicae nymphs were provided with a choice of feeding on different diets 
significantly higher numbers of A. pisum were observed on control as compared to PAF, 
PAF/GNA or GNA containing diets. By contrast, M. persicae only exhibited a significant 
preference for control over PAF/GNA containing diets after 48 hours. Neither species showed a 
significant preference for diets containing ovalbumin or the control, demonstrating that the 
effect observed in other conditions is not due to a preference for a low protein diet. The lack of 
preference in M. persicae is possibly due to its generalist feeding strategy; generalists must be 
more resilient than specialists (such as A. pisum) to various plant defence compounds and are 
more likely to be able to detoxify or sequester deleterious compounds (Ramsey et al., 2010). 





 In the development of any insecticidal compound, it is critical to consider the potential 
for toxic effects on beneficial insects. Initial chronic feeding assays were performed toward adult 
honeybees (Apis melifera). This preliminary data suggests that PAF/GNA is only mildly toxic to 
adult honeybees at high doses of PAF/GNA after feeding for 7 days (Data not shown). Previous 
work with GNA, has demonstrated that the survival of adult honey bees is detrimentally affected 
by both acute feeding and injection (Nakasu et al., 2014). Based on this preliminary data the 
relatively low level of mortality recorded for honeybees fed on PAF/GNA suggests that at the 
concentrations required for aphid mortality, there should be little damage to A. mellifera 
populations. The ideal delivery for PAF/GNA to control sap-sucking aphid pests is likely to be 
through transgenic crops and the concentrations fed to honeybees in this initial study exceed 
what would feasibly be delivered in the field. More robust and comprehensive testing will be 
needed to make any claims regarding the effect of PAF/GNA and its components on the survival 
of adult honeybees. Beyond testing for toxicity, it will be important to examine the effect of 
PAF/GNA on honeybee memory, as this is key for their survival. Unfortunately, there is no 
literature reporting the effects of PA1b on honeybees, one statement in a review by Gressent et 
al., (2011) claims A. mellifera are insensitive to the insecticidal effects of pea albumin, but no 
reference is provided or could be found to evidence this claim. Conversely a paper in which pea 
protein concentrate was used as a protein supplement in A. mellifera diet found that it reduced 
the longevity of bees by 50 % as compared to a pollen-based diet (Nelson, 1976).  However, this 
study was performed nearly ten years before the discovery of pea albumin and the effects of 
pea protein concentrate on honeybees were not linked to the insecticidal activity of Pa1b 
(Gatehouse et al., 1985; Higgins et al., 1986; Nelson, 1976).  
Gressent et al., (2007) showed substantial deleterious effects on Harmonia axyridis, a 
coleopteran predator of aphids when fed on pea flour. Tritrophic interaction studies will be 
required to determine if the concentrations of PAF/GNA in aphids feeding on the fusion protein 
will cause similar effects in H. axyrids. However, even with this toxicity, PA1b fusion proteins 
may have an application in orchard crops and vineyards where H. axyridis is considered an 
invasive pest species (CABI, 2019; Koch, 2003; Pickering et al., 2005). 
 This chapter has provided evidence for the first time that linking recombinant pea 
albumin to GNA can enhance oral insecticidal activity of PAF, and that this enhancement is 
facilitated by localisation and retention of the toxin on the apical gut membrane in aphids. 
Evidence for potential antifeedant properties was also demonstrated. Unfortunately, the 
mechanism for the differential toxicity between species could not be elucidated. Whilst 
preliminary data indicates that PAF/GNA shows relatively limited toxicity to honeybees further 





studies are required to fully understand the potential impact of the fusion protein upon 
beneficial insects. Future development of PAF/GNA would require experimentation involving 
expression in transgenic plants, perhaps under the control of a phloem specific promoter, and 
this would considerably reduce levels of fusion protein exposure to non-target species. 
Investigation into whether spraying would be a viable delivery mechanism would also be 
beneficial as there is some evidence that formulated protein toxins are able to penetrate the 
insect cuticle (Fanning et al 2018). Although spraying would rely on retrograde transport of 
PAF/GNA from the haemolymph to the gut lumen in order to reach the target site of PA1b. 
Finally, the reasons underpinning the specificity of action of the pea albumin toxin to different 
insects is yet to be uncovered and provides an interesting avenue of research.  
 





Chapter 7 |General Discussion 
Insect herbivory presents a large threat to food security. Aphids in particular can cause 
substantial damage to crop yields by transmitting multiple economically important plant viruses 
and via direct feeding, and could be considered one of the most economically important pests 
in temperate regions (Blackman and Eastop, 2000; Whitfield et al., 2015). The development of 
insect resistance to chemical controls is a burgeoning issue and there is a pressing need to 
develop new insecticides which act on novel target sites. Current insecticides tend to effect or 
inhibit one of five targets in the insect nervous system; namely voltage gated sodium channels, 
nicotinic acetylcholine receptors, acetylcholinesterase, glutamate receptors and ɣ-aminobutyric 
(GABA) receptors and chemistries which act on these targets make up  three quarters of the 
worlds pesticide sales (Casida, 2009). The lack of diversity in pesticide target sites of action along 
with indiscriminate use of insecticides has facilitated the development of resistance towards 
many families of insecticides (Bass et al., 2014; Feyereisen, 1995). Resistance has evolved by 
multiple mechanisms depending on the target site. Single amino acid mutations in the 
insecticide binding sites of acetylcholinesterase and the nicotinic acetylcholine receptors   have 
conferred resistance to carbamates and neonicotinoids, respectively (Bass et al., 2011; Benting 
and Nauen, 2004). Mutations away from the insecticide binding site can also cause resistance, 
for example pyrethroid resistance in M. persicae has been associated with mutations in the 
voltage gated sodium channel as was observed in voltage gated sodium channels in M.  persicae 
(Martinez-Torres et al., 1999). Further mechanisms include increased expression of detoxifying 
enzymes such as cytochrome P450 and carboxylesterases through up-regulation and gene 
duplication leading to resistance against the neonicotinoids and organophosphates, respectively 
(Devonshire and Moores, 1982; Field et al., 1988; Pang et al., 2016; Puinean et al., 2010). 
Stacking of these resistance mechanisms can lead to highly resistant strains. For example, highly 
neonicotinoid resistant M. persicae field strains identified in France in 2009 arose as a result of 
increased expression of cytochrome P450 CYP6CY3 and a mutation in the neonicotinoid binding 
site on the acetylcholine receptor (Bass et al., 2011; Slater et al., 2011). Furthermore, thickening 
of the cuticle can lead to reduced uptake of topically applied compounds (Puinean et al., 2010; 
Strycharz et al., 2013). Often resistance to one pesticide can also confer cross resistance, for 
example the upregulation of carboxylesterase in M. persicae in response to exposure to 
organophosphates has been seen to result in the resistance to both organophosphates and 
carbamates (Field et al., 1988; Liu and Yue, 2000).  
The holocyclic life cycle of aphids, which combines parthenogenetic and sexual 
reproduction, together with short generation times confers these pests with a remarkable 





capacity to evolve resistance. Myzus persicae has been documented in the Pesticide resistance 
database, to have evolved field resistance to at least sixteen different active ingredients, which 
target three different active sites, acetylcholine esterases, voltage gated sodium channels and 
nicotinic acetylcholine receptors as previously mentioned (Arthropod Pesticide Resistance 
Database | Michigan State University n.d., Bass et al., 2014).  
The successful use of biopesticides, as an alternative to synthetic small molecule 
pesticides, allows targeting of  novel sites in the nervous system such as voltage-gated calcium 
ion channels or in the insect gut such as V-ATPases, aminopeptidases or cadherin (Bravo et al., 
2007; Chouabe et al., 2011; Tedford et al., 2004). The most widely known biopesticides are the 
Cry toxins from Bacillus thuringiensis. The Cry toxins have been applied as organic biopesticides 
in the form of sprays as early as the 1930s, however their widespread use did not occur until 
Monsanto commercialised a transgenic line of potato expressing Cry1ac in 1996 (Castagnola and 
Jurat-Fuentes, 2012). These new insect resistant crops proved to be very effective, providing 
increased protection against lepidopteran, coleopteran and dipteran pests, greater yields and 
reduced pesticide usage (Brookes and Barfoot, 2018; Qaim and Zilberman, 2003). As a result the 
amount of land used to cultivate crops expressing genes from B. thuringiensis has seen a 113-
fold increase since 1996, with an estimated grown to 101 million hectares globally in 2017 
(ISAAA, 2017). However, Bt toxins do not effectively control hemipteran pests, as hemipterans 
feed on sap there was likely no selective pressure driving B. thuringiensis to evolve  toxins which 
act on hemipterans, potentially due to a lack of binding sites and non-optimal conditions for 
protein activation in the hemipteran gut, however even when processed correctly and bound to 
the gut low toxicity is observed (Chougule and Bonning, 2012; Lawo et al., 2009; Li et al., 2011; 
Porcar et al., 2009).  The fight against resistance is an ongoing battle from antibiotic resistance 
of human and livestock pathogens through to the control of insect pests in agriculture. As such 
new molecules with novel modes of action and ideally acting on novel target sites are 
desperately needed. This thesis explores the development of Galanthus nivalis agglutinin (GNA) 
fusion protein technology as a potential control strategy for aphid pests, specifically exploiting 
the small proteinaceous inhibitor of V-ATPases, PA1b.  
The presence of an insecticidal compound in pea seeds was first hypothesised by 
Delobel and Grenier (1993), when they observed toxic effects on weevils of the Sitophilus genus 
fed on split peas. Toxicity was subsequently found to be attributable to the pea seed protein 
PA1b and its use as an insecticide was patented in France in the 1990s following evidence for  
toxic effects on A. pisum and E. kuehniella  were demonstrated (Delobel et al., 1998). PA1b is a 
3.6 kDa, 37 amino acid, Pisum sativum seed protein that comprises part of a seed albumin gene 





cassette known as PA1 which was initially isolated and described in the 1980s (Gatehouse et al., 
1985; Higgins et al., 1986). The structure of PA1b structure was determined through NMR 
modelling to be an inhibitor cysteine knot (Jouvensal et al., (2003). It has subsequently been 
shown to reversibly block membrane currents in patch clamping of cultured insect cells (SF9) 
experiments, in the same manner as bafilomycin (a specific inhibitor of V-ATPases). Inhibition of 
the V0 domain of purified V-ATPase proton pumps from Manduca sexta has also been 
demonstrated (Chouabe et al., 2011). V-ATPase proton pumps play a key role in the 
maintenance of gut pH and nutrient transport in insects and inhibition of these pumps explains 
the entomotoxic properties of PA1b (Wieczorek et al., 2009). The V0 domain of V-ATPase consists 
of multiple subunits, the specific-subunits which interact with PA1b are c and e both of which 
have exposure on the apical side of the gut membrane and are involved in the rotor of V-ATPases 
(Muench et al., 2009, 2014). Recently inhibition of the V-ATPases been shown to cause apoptosis 
in effected gut cells of the weevil Sitophilus oryzae (Eyraud et al., 2017). The activity of PA1b has 
been assessed against species from different orders of insects with variable results, as 
mentioned previously the literature on activity is limited to two published papers and a patent. 
Figures in the patent demonstrate toxicity toward Ephestia kuehniella and A. pisum (Delobel et 
al., 1998). A study by Gressent et al., (2007) showed that coleopteran weevils such as Sitophilus 
species and the ladybeetle Harmonia axyridis were susceptible to orally delivered PA1b whereas 
Tribolium castaneum was not. Similarly, a significant reduction in the survival of larvae of the 
mosquito Culex pipiens exposed to water containing of 250 ug mL-1 of PA1b was recorded after 
two days. By contrast, PA1b was reported to have no effect on mortality or development when 
supplied at 1000 µg g-1 in artificial diet to lepidopteran Mamestra brassica, Spodotera littoralis 
or Ostrinia nubilalis larvae (Gressent et al., 2007, 2011). Parasitic wasps from the genus 
Trichogramma were found to be unaffected by PA1b in their diet. Gressent et al., (2007) also 
assessed PA1b efficacy in artificial diet assays against three aphid species, finding that A. pisum 
was highly sensitive (500 µg PA1b per mL-1, caused complete mortality after 6 days), whereas 
greenfly, Aphis gossypii was only susceptible at high doses (37 % mortality after 6 days fed on 
1000 µg mL-1) and M. persicae was insensitive at all doses tested up to 1000 ug mL-1).  
This thesis describes work that has significantly enhanced the oral toxicity of pea 
albumin towards aphids by fusion to snowdrop lectin, GNA. Results reported in Chapter 6 
suggest that GNA enhanced the insecticidal activity of pea albumin towards two species of aphid 
by allowing its retention and localisation to the gut epithelial membrane where V-type ATPase 
pumps are located. Initial work prior to this project (unpublished) suggested that fusion of PA1b 
to the N-terminus of GNA resulted in a protein which displayed significantly increased oral 





activity toward A. pisum as compared to the PA1b activity reported in the literature towards the 
same pest (Gressent et al., 2007). However, these preliminary results were obtained using 
protein samples of low purity and high (approximately > 95% w/w) carbohydrate contents. In 
Chapter 4 feeding assays using PA1b/GNA produced previously by Dr Pyati gave similar results 
to preliminary findings and the correct full-length sequence of recombinant PA1b/GNA was 
confirmed by LC-MS analysis of digested peptides. However, PA1b/GNA did not agglutinate 
rabbit erythrocytes, suggesting that the GNA subunit was non-functional (Chapter 4). Increased 
toxicity in the presence of non-functional GNA would be unexpected as functional GNA has been 
shown to be necessary for binding to mannose glycans in polypeptides lining the insect gut 
(Fitches et al., 2001). This result led to the hypothesis that perhaps another factor was involved 
in the extreme toxicity of this fusion protein. Five new expression constructs were created, and 
proteins were expressed using different fermentation media in an attempt to obtain better 
quality samples for efficacy tests. In most cases PA1b/GNA fusion proteins were expressed at 
relatively low levels and histidine affinity chromatography yielded lyophilised samples of poor 
quality. Nevertheless, a relatively pure sample of PA1b/GNA fusion protein, (designated as 
Strep/PA1b/GNA) was obtained when purified by strep-tactin affinity chromatography. Purified 
Strep/PA1b/GNA samples contained only one major contaminating band which was identified 
as a P. pastoris protein with similarities to glucanases. This was determined to be unlikely to 
affect oral activity as previous work has shown that GNA samples containing this contaminating 
glucanase show no difference in insecticidal activity as compared to highly purified GNA samples 
(personal comms – Fitches 2019). The activity of this fusion protein was considerably reduced 
as compared to PA1b/GNA; feeding of Strep/PA1b/GNA required a final dietary concentration 
of 0.2 mg mL-1 to cause complete mortality in four days as compared to 0.05 mg mL-1 required 
by PA1b/GNA to achieve the same effect. These results further suggested that there may be 
extraneous factors involved in the initial results obtained for PA1b/GNA. Carry over of imidazole 
from the purification process would certainly have resulted in increased toxicity as imidazole is 
known to be toxic to insects (Pence, 1965), but this is unlikely as extensive dialysis is always 
performed on elution fractions to ensure carry over of this toxic salt does not occur. It is possible 
that the high carbohydrate content in PA1b/GNA samples may have contributed to the high 
levels of toxicity with initial samples, for example high sucrose concentration has been shown 
to severely limit the survival of A. pisum on artificial diets (Douglas et al., 2006). In addition, 
previous studies have shown that poor quality protein samples, which contain high levels of 
carbohydrate and contaminating proteins, are acutely toxic to pea aphids when supplied in diet 
(unpublished results). This suggests that either the contaminating proteins, high levels of yeast 





carbohydrate or a combination of the two are responsible for the acute oral toxicity of 
PA1b/GNA observed in preliminary experiments.   
The expression of PA1b alone in heterologous systems is challenging, a review by 
Gressent et al., (2011) makes reference to personal communication and to a PhD thesis, which 
was unavailable at the time of writing, indicating that attempts to produce PA1b in both E. coli 
and P. pastoris expression hosts were unsuccessful, producing  low quantities of non-functional 
protein. The authors hypothesised that expression of the full PA1 cassette may produce 
functional protein. Production of functional recombinant leginsulin, a PA1b homologue from 
soybean, in E. coli was achieved using a full length PA1 expression cassette (Yamazaki et al., 
2003). Transient expression experiments in tobacco have provided further evidence to support 
this hypothesis as the expression of PA1b alone resulted in between 1.2 -2.4 µg protein per gram 
fresh leaf as compared to 36.6 or 37.4 µg g-1 when the full cassette was expressed (Eyraud et al., 
2013).  
 Thus Chapter 5 focused on an alternative production strategy for pea albumin fusion 
proteins based upon the incorporation of the whole PA1 gene cassette, excluding the signal 
sequence (PAF). This “full-length” PAF sequence, rather than just the toxin PA1b, was linked to 
the N-terminus of GNA to create PAF/GNA.  A recombinant version of the PA1 cassette alone, 
designated as PAF was also produced to be used as a control in biological assays, and provides 
the first evidence of active pea albumin produced in a yeast expression system (Chapter 5 and 
6). Expression and purification of these proteins was considerably easier as compared to 
PA1b/GNA, and samples of greater protein purity (ca. > 90%) and lower levels of carbohydrate 
were produced using a range of native purification strategies. Various optimal conditions were 
observed, PAF showed better expression and recovery from fermentations maintained at pH 5, 
as compared to pH 4.5. By contrast, highest expression levels for PAF/GNA were recorded for 
fermentations conducted at pH 4.5 but the recovery of highly pure protein samples from nickel 
matrices was poor. Based on findings reported in Chapter 3, where increased binding of GNA to 
nickel columns was demonstrated in supernatants containing glucose as compared to glycerol, 
PAF/GNA was also expressed using glucose as an alternative carbon source to glycerol. Whilst 
using glucose appeared to reduce PAF/GNA expression levels (as compared to fermentation with 
glycerol), there was (as observed for GNA in Chapter 3) an increase in the amount of relatively 
pure protein recovered. Little literature exists to explain the difference in binding of proteins to 
nickel matrices in the presence of glycerol or glucose but it was concluded that glycerol may 
interfere with complex formation (Ellis et al., 1989).  





 Biochemical characterisation of PAF and PAF/GNA was performed with LC-MS analysis 
of digested samples confirming the presence of intact and correct amino acid sequences for 
both recombinant proteins. Glycosylation of recombinant PAF and PAF/GNA when expressed in 
P. pastoris was analysed using Schiff-periodic acid and no substantial differences were observed 
in the degree of glycosylation of proteins produced at different fermentation pHs or using 
different carbon sources. Unlike initial PA1b/GNA samples, the ability of PAF and PAF/GNA to 
cross link rabbit erythrocytes was confirmed through hemagglutination assays.  
The insecticidal activity of recombinant PAF and PAF/GNA was evaluated in Chapter 6 
with results confirming that linkage of PAF to GNA resulted in significantly enhanced activity of 
PAF towards A. pisum and M. persicae. Experiments were then performed in an attempt to 
understand the mechanisms underpinning the enhanced toxicity of the fusion protein as 
compared to PAF alone. On a molar basis recombinant PAF showed somewhat comparable 
toxicity towards A. pisum to that of PA1b purified from pea seeds as described previously by 
Gressent et al., (2007).  The four-fold increased LC50 for PAF (112 nmol mL-1) against M. persicae 
as compared to A. pisum could reflect the insensitivity M. persicae to purified PA1b reported in 
the literature.  Fusion of PAF to the N-terminus of GNA resulted in significantly increased toxicity 
towards both A. pisum and M. persicae with PAF/GNA LC50s respectively, ca. 12-fold and 4-fold 
lower as compared to PAF alone. Sitobion avenae strangely showed no significant difference in 
PAF and PAF/GNA LC50 values. Linking protein-based insecticidal neurotoxins to GNA has 
previously been shown to enhance oral activity against a range of insect pests (Fitches et al., 
2002, 2004, 2012; Nakasu et al., 2014a; Powell et al., 2019; Trung et al., 2006; Yang, 2015; Yang 
et al., 2014). All toxins previously fused to GNA have target sites in the insect nervous system or 
haemolymph and, as such, GNA has been utilised as a carrier to transport attached toxins across 
the gut epithelium, into the haemolymph and potentially localise the toxin in the nervous system 
(Fitches et al., 2001, 2012). However, pea albumin – GNA fusion proteins are unique in that PAF 
targets, V-ATPases present on the apical membrane of the alimentary canal and this thesis 
provides the first evidence that GNA can enhance the oral activity of a toxin with a target site 
within the gut lumen. Retention in the gut was thought to be key to the increased efficacy of 
PAF/GNA and this was demonstrated using confocal microscopy of aphid guts extracted from 
aphids fed on fluorescently labelled proteins PAF/GNA or PAF or GNA. When aphids were chase-
fed control diets, PAF/GNA was retained in greater quantities than either PAF or GNA alone in 
the gut of A. pisum. In agreement with aphid bioassay results, linking PAF to GNA appeared to 
have synergistic rather than purely additive effects, as the fluorescence for PAF/GNA was 
greater than the sum of PAF and GNA. That GNA and GNA based fusion proteins bind to the 





hemipteran gut has been previously demonstrated  (Powell et al., 1998; Yang et al., 2014). In 
fact, GNA has been shown to bind to A. pisum membrane-bound aminopeptidase, which makes 
up 15.6 % of A. pisum gut protein (Cristofoletti et al., 2006).  Previous GNA based fusion proteins 
have shown localisation to the aphid gut and PA1b has displayed binding affinity for multiple 
insect gut membrane extracts (Gressent et al., 2007; Yang et al., 2014). 
Susceptibility of different aphid species to the effects of insecticidal proteins is known 
to be variable, with specialist species (such as A. pisum) generally exhibiting greater 
susceptibility as compared to generalists (such as M. persicae). GNA is no exception to this with 
M. persicae requiring a 10-fold higher concentration of GNA than A. pisum to cause 50 % 
reductions in survival (Rahbé et al., 1995b; Sadeghi et al., 2009; Sauvion et al., 1996; Zapata et 
al., 2016). Differences in susceptibility to insecticidal proteins have been generally attributed to 
differences in proteolytic activity within the insect gut; A. pisum has relatively low levels of 
proteolytic activity and detoxification enzymes as compared to M. persicae. The increased 
proteolytic activity in M. persicae  is likely to be an adaptive response to feeding on high protein 
diet, rapid transcriptional changes, including upregulation of proteases, have been documented 
when subjecting M. persicae to different diets in series (Mathers et al., 2017; Ramsey et al., 
2010).  PAF, GNA and PAF/GNA were all observed to be stable in the presence of salivary 
secretions which are known to contain proteases from both species (Furch et al., 2015). It was 
therefore a surprise that no intact fusion protein was detected in vivo in total protein extracts 
from pea aphids fed on diets containing PAF/GNA. The small quantities of diet, and therefore 
protein consumed by aphids in combination with antifeedant effects makes the detection of 
protein challenging as aphids must be left to feed for relatively long periods of time. Cleavage 
of the fusion protein in M. persicae was expected as this has been documented previously for 
Hv1a/GNA (Nakasu et al., 2014b). The lack of intact PAF/GNA in A. pisum extracts was surprising 
as they are reported to have low proteolytic activity in the gut and previous work with Hv1a/GNA 
and S. avenae another specialist species showed intact fusion protein after 24 hours of feeding 
(Nakasu et al., 2014b; Rahbé et al., 1995b). Ambiguity in the methods of Nakasu et al., (2014) 
make direct comparison difficult as S. avenae may have been fed at the same dose or at a 
concentration approximately double to PAF/GNA in this study. It was also observed during the 
feeding stage of the stability assays that several the A. pisum were not feeding, and this may 
well have influenced the result. Furthermore, as microscopy experiments suggested that 
PAF/GNA binds to the gut epithelial membrane it may be that intact PAF/GNA was not present 
in the soluble fraction, extracted in PBS, used in the in vivo analysis.  





 Consequently, attempts were made to assess potential antifeedant effects of PAF/GNA 
and its components in both A. pisum and M. persicae, by using a free choice assay, where aphids 
were given two diet options one containing the test protein one without. Nymphs of A. pisum 
displayed significant preference for diets without the toxins present, whereas M. persicae 
showed no preference, except for PAF/GNA after 48 hours feeding. The inclusion of ovalbumin 
as a control, suggests that the aphids are averse to PAF, PAF/GNA and GNA rather than purely 
adverse to protein rich diets. Antifeedant effects of GNA based fusion proteins towards 
hemipteran pests have not been directly demonstrated previously although antifeedant effects 
of GNA alone on brown plant hopper (Nilaparvata lugens) have previously been documented 
(Powell et al., 1995). Whether antifeedant effects are advantageous or deleterious for an 
insecticidal compound is dependent on the delivery mechanism, if PAF/GNA was expressed in a 
transgenic crop, antifeedant effects may serve to protect crops from damage by driving the pests 
away to refuges field borders or trap crops.  
The assessment of any novel insecticide against non-target beneficial species is 
essential. Of note is that the outdoor use of three neonicotinoid pesticides has recently been 
banned in the EU due to their adverse effects on pollinators (European Commission, 2018a, 
2018b, 2018c; Woodcock et al., 2017). Consequently, further work will be required to assess  the 
effect of PAF/GNA was assessed against the European honeybee (Apis mellifera). Initial assays 
suggest that PAF/GNA was only mildly toxic when supplied to adult A. mellifera in a chronic 
feeding assay. GNA and Hv1a/GNA fusion proteins have previously been shown to be non-toxic 
to A. mellifera adults in feeding and injection studies (Nakasu et al., 2014a; Powell et al., 2019). 
However, further studies are required to understand if PAF or PAF/GNA are indeed toxic to 
honeybees. PA1b has been demonstrated to have detrimental effects on beneficial insect H. 
axyridis, and tri-trophic interaction studies would need to be performed to determine if this 
effect would be detrimental in a field scenario (Gressent et al. 2007). 
The potential for commercial application of PAF/GNA in the field is limited by the target  
specificity of PA1b, more specifically its lack of toxicity towards lepidopteran pests (Gressent et 
al., 2007, 2011). PAF/GNA may find a place in mosquito control, as PA1b shows activity against 
C. pipens larvae, the vector of Japanese encephalitis and the West Nile virus. PA1b has also been 
demonstrated cause significant detrimental effects on the larval development and survival of H. 
axyridis which may limit the application of PAF/GNA, although further testing is required. 
Harmonia axyridis is generally considered beneficial due to its predation of aphids (Gressent et 
al., 2007). However it is considered a pest of orchard fruit in the USA or in vineyards where it is 
considered undesirable due its adverse effects on flavour of the resulting wine presenting a 





potential niche for PAF/GNA to fill (CABI, 2019; Koch, 2003; Pickering et al., 2005). One further 
potential application of this fusion protein is in the protection of dry goods such as flour, multiple 
weevils of the Sitophilus genus are sensitive to PA1b and PAF/GNA should be tested to 
determine if it as with both A. pisum and M. persicae  has enhance insecticidal activity (Gressent 
et al., 2003). Application as a spray is unlikely due the toxicity of PA1b relying on oral rather than 
topical delivery. However, recent evidence suggests that with correct formulation topically 
applied neurotoxic proteins can penetrate across the insect cuticle to the haemolymph (Fanning 
et al., 2018), and it is known that GNA, when injected into lepidopteran larvae traverses the gut 
epithelia from the basal to the apical membrane (unpublished results). Thus, it is possible that 
topical application of PAF/GNA may facilitate delivery of PAF to the aphid gut epithelia although 
this requires further investigation and would rely on the retrograde transport of the toxin from 
the haemolymph to the gut. The most feasible delivery route for PAF/GNA in the field is via 
phloem expression in planta, where it has potential use as a strategy to control hemipteran 
pests, potentially filling the gap left by the relative infectiveness Bt Cry toxins towards these 
pests (Chougule and Bonning, 2012; Frankenhuyzen, 2009). Expression in the plant phloem 
would also reduce the exposure of non-target species such as Apis mellifera. Gene pyramiding 
with a Bt expressing crop could provide protection against a larger number of pests that 
PAF/GNA could achieve on its own. Hv1a/GNA when expressed in transgenic Arabidopsis has 
been shown to confer a degree of resistance to M. persicae with two different lines of plants 
causing 19.6 % and 37 % mortality relative to the negative control (Nakasu et al., 2014b). 
Comparison of the activity of Hv1a/GNA in artificial diet feeding assays from the same study to 
PAF/GNA at an equivalent molar dose suggests that these proteins have similar efficacy towards 
M. persicae with Hv1a/GNA causing 90% mortality after 8 days, as compared to 100 % when fed 
PAF/GNA. PAF/GNA may be particularly effective in transgenic legumes as PAF/GNA has at least 
a 2 fold greater effect on A. pisum than Pro-Hv1a/GNA although this would need to be tested in 
planta (Yang, 2015). Even if expressed in planta the issue of resistance remains present, this 
could perhaps be avoided through gene stacking with another fusion protein or aphidicidal 
protein which acts on a separate target site such as Hv1a/GNA or PI1a/GNA (Nakasu et al., 
2014b; Yang et al., 2014). Further work is required to establish if PAF/GNA can be expressed in 
planta as an intact functional fusion protein without detrimental effects upon plant 
development, as reported previously for of the PA1b soybean homologue, leginuslin, which was 
shown to stimulate cell proliferation in cultured carrot cells (Yamazaki et al., 2003). Recently it 
has also come to light that perhaps there are other Ab1 peptides from legumes which may have 
similar or greater insecticidal effects such as a homologue to PA1b from Medicago truncatula 





(Royer et al., 2018). These homologues will be worth investigating in the context of fusion 
proteins as they may provide a more suitable compound with greater entomotoxic activity or 
other benefits which may make them more applicable to field application.  
Additionally, this thesis documents the first evidence that fusion of GNA with insecticidal 
proteins with a target site in the insect gut can enhance the oral activity through allowing 
localisation to the gut epithelial wall. This opens up  possibilities for the development of other 
novel fusion proteins utilising insecticidal compounds other than the previously explored 
neuropeptides. Perhaps fusion to a plant protease inhibitor, or one of the recently discovered 
Ab1 homologues mentioned above, which have been demonstrated to have some insecticidal 
activity, may result in enhanced aphidical activity as aphid digestive enzymes are often localized 
to the epithelial membrane (Cristofoletti et al., 2003; Rahbé et al., 2003).  
The data present in this thesis also serves to further highlight the potential of targeting 
V-ATPase pumps as a novel target for both pesticides and biopesticides. These pumps serve a 
key role in insect gut homeostasis and nutrient uptake (O’Donnell, 2017). Disruption of these 
functions could represent an effective novel and specific target for the control of many insect 
pests. Unfortunately the known chemical inhibitors of V-ATPase are limited in their application 
due to their toxicity profile (Li et al., 2017). Perhaps the utilisation of PAF/GNA in conjunction 
with RNAi designed to knock down the expression of V-ATPase may result in synergistic effects 
and should be tested in the future.  
Overall, this study has shown that PAF (PA1b+PA1a) to GNA has significantly enhanced 
its activity against two aphid species. Further, evidence is provided to suggest that this 
enhancement is due to GNA allowing the localisation of the PA1b toxin to the gut epithelium. 
This has provided the foundations for many lines of future research as outlined above. This is 
important because novel, safe and effective pesticides will be required in order to feed the ever-
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